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ABSTRACT 

 

Title of Dissertation: Synemin Intermediate Filaments and the Organization of Striated  

 Muscle 

Jaclyn P Kerr, Doctor of Philosophy, 2012 

Dissertation Directed by: Robert J Bloch, Ph.D., Professor, Department of Physiology 

 

The cytoskeleton plays a profound role in striated muscle. Cytoskeletal defects in the 

intermediate filaments result in mild to moderate myopathies. My collaborators and I 

have shown that the ablation of two intermediate filaments, desmin and keratin 19, causes 

defects in sarcolemmal organization, mitochondrial distribution, and muscle 

performance. To better understand how these defects arise, I examined synemin, an 

intermediate filament that interacts with desmin and keratins and that localizes protein 

kinase A to subcellular structures. Two isoforms, α and β, are expressed in striated 

muscle and each isoform has different localizations and potential binding partners. β-

Synemin was required for the association of desmin with the developing Z-disk; its 

interaction with desmin is required for synemin to concentrate at the Z-disk and the 

sarcolemma in mature muscle. By contrast, α-synemin was required for the stabilization 

of the developing intercalated disk in cardiomyocytes. In mature muscle, I found that the 

absence of keratin 19 resulted in the specific loss of α synemin from M-bands. Consistent 

with this, I identified a novel interaction of α-synemin with the giant muscle protein, titin, 



 
 

 

 

to a site on titin located at the M-band which may regulate the organization of keratin 

filaments there. As the intermediate filament network is closely associated with the 

microtubule network, I also examined the structure and stability of microtubules in 

muscle fibers lacking desmin and keratin. The absence of keratins decreased the stability 

of the microtubules, while the absence of desmin caused an increase in tubulin 

expression. The absence of either filament resulted in a drastic reorganization of 

sarcolemmal microtubules. These results extend the roles of desmin and keratin 19 

filaments in striated muscle, and indicate that they act in part through synemin and the 

regulation of microtubules.  
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CHAPTER I: INTRODUCTION 
 

Muscle contraction is mediated by filaments of myosin and actin which slide 

against each other through ATP-driven motion of myosin heads along the actin filaments. 

The force generated by the movement of these filaments is transferred throughout the 

muscle fiber along the components of the cytoskeleton, extracellular matrix, and cellular 

junctions. The activation of muscle contraction is dependent upon cytosolic calcium ions, 

released from the sarcoplasmic reticulum by the ryanodine receptor, that diffuse and 

interact with the myofilaments, triggering their movement. The release of calcium from 

the sarcoplasmic reticulum is tightly regulated, and the mechanism of release differs 

between skeletal, cardiac, and smooth muscle.  

Cardiac muscle is comprised of multinucleate cells, physically coupled to each 

other through cell to cell junctions referred to as intercalated disks. These areas are 

comprised of several kinds of junctional complexes, each composed of specific junctional 

proteins, including desmosomal proteins, cadherins, and connexins, that connect the 

plasma membranes of juxtaposed cells and link them together. This direct linkage allows 

the individual cells to contract as a syncytium, in a coupled manner. In contrast, skeletal 

muscle is comprised of elongated, multinucleate cells, or myofibers, formed through the 

fusion of single cells during development. Associated with the membrane of these 

myofibers is a highly organized set of structures referred to as a “costameres” which 

function to keep the sarcolemma aligned with the underlying contractile machinery, 

transmit force across the cell membrane to nearby structures (other cells, or matrix), and 

to stabilize the sarcolemma, protecting it from injury 1. The costameres of both cardiac 
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and skeletal muscle are linked to the cytoskeleton and to the extracellular matrix, both of 

which provide stability to the cellular structure. The focus of this thesis is the 

cytoskeleton, and particularly the proteins that form intermediate filaments. Defects in 

the intermediate filament cytoskeleton and proteins associated with the sarcolemma have 

been implicated in a wide variety of muscle diseases, ranging from heart failure to 

muscular dystrophies 2-14, demonstrating the importance the integrity of these structures is 

to the long term function of striated muscle.  

Intermediate Filaments in Striated Muscle 

The cytoskeleton of striated muscle is critical to the development of the highly 

organized internal structures that regulate muscle contraction. Comprised of actin 

microfilaments, microtubules, and intermediate filaments (IF), the cellular cytoskeleton 

provides an organizational backbone upon which proteins are trafficked, organized, 

anchored, and linked to each other to form distinct cellular structures. In particular, the 

network of IFs, comprised mainly but not exclusively of desmin in adult muscles, has 

been demonstrated to provide important linkages between the contractile machinery and 

membranous organelles, such as the plasma membrane, mitochondria, and nuclei15. The 

IF network is also considered as a mediator of mechanical stress and force transduction3, 

4, 16, 17.  

The family of IF proteins is subdivided into six groups based primarily on 

functional homology, as summarized in Table 1. Each intermediate filament protein 

contains an intermediate filament rod domain through which interactions with other IF 

proteins are mediated. The predominant IF expressed in mature striated muscle is the 

Type III IF, desmin. Type III filaments are able to dimerize and form extensive filament  



 
 

~ 3 ~ 

 

Table 1: Intermediate filament families 

IF Family Examples Polymerization 
Type I 
Acidic keratins 

K5 
K6 
K7 
K8 

Heterofilaments with Type 
II 

Type II 
Basic keratins 

K9 
K18 
K19 

Heterofilaments with Type I 

Type III Desmin 
Vimentin 
GFAP 
Peripherin 
Syncoilin 

Homofilaments 
Can form heterofilaments 
with Type IV 

Type IV Neurofilaments (H, M, L) 
Synemin (α, β) 
Nestin 
α-internexin 

Heterofilaments with Type 
III 

Type V 
Nuclear Lamins 

Lamin A 
Lamin B1, B2 
Lamin C1, C2 

 

Type VI 
Eye lens filaments 

Phakinin 
Filensin 

 

Adapted from www.interfil.org 
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networks with themselves. Vimentin, another Type III filament, is expressed in 

striated muscle during embryonic stages of development, after which its expression is 

downregulated and replaced with desmin15. Desmin has been implicated in a number of 

myopathies in both cardiac and skeletal muscle 5, 10, 18. Its role has been studied in mice 

lacking desmin through homologous recombination. In these mice, the alignment of 

neighboring Z-disks of the contractile apparatus is lost 3, 6, 7, costameres are disorganized 

7, 19, and contractile function is compromised 4, 7, 16. Abnormal mitochondrial 

accumulation and calcification occurs in cardiac muscle lacking desmin 6, 9, and as the 

mouse ages, the heart is susceptible to hypertrophy and cardiac dilation 6.  

Besides desmin, other IF proteins are also expressed in striated muscle. These 

include the Type IV filaments nestin 20 and synemin 21-24, and the Type I and II keratins 

19, 25-27. The Type IV filaments are unable to form homopolymers like desmin or 

vimentin, and instead, associate with Type III filament proteins to form heterofilaments. 

Similarly, the keratins form heterdimers comprised of one Type I and one Type II family 

member. All together, this intermediate filament network organizes around the contractile 

apparatus at both the Z-disk and M-band, and connects the contractile machinery of the 

cell to the outer sarcolemma through interactions with the dystrophin-associated protein 

complex (DAPC)22, 28, 29. Our more recent work has begun to highlight and characterize 

the importance and roles of other IFs in muscle, in particular, keratin-based IFs 

comprised of keratin 8 (K8) and keratin 19 (K19) 19, 25, 26. The absence of K19 in skeletal 

muscle leads to phenotypes that resemble those seen in desmin-null muscle in some  
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ways, including disorganization of costameres, an increase in the distance between the 

sarcolemma and the nearest myofibril, and an abnormal accumulation of subsarcolemmal 

mitochondria 7, 27, suggesting that both desmin- and keratin-based IFs are involved in the 

organization and maintenance of these structures. As expected, muscles from mice 

lacking both desmin and K19 exhibit even more severely disrupted costameres, more 

highly misaligned myofibrils, and a greater susceptibility to injury 7.  However, we found 

that desmin and keratins also possess unique, and in some instances, antagonistic, roles 

within striated muscle.  For example, the large sarcolemmal gap found between the 

membrane and the nearest myofibrils in the K19 knockout was reduced when desmin was 

also missing, and the abnormal subsarcolemmal accumulation of mitochondria seen in the 

individual desmin and K19 knockouts was ameliorated in the double knockout 7. 

Understanding how the desmin and keratin filament networks interact with each other 

and the rest of the muscle cell cytoskeleton to mediate normal muscle function is the 

main focus of our research. 

Synemin 

One of the potential regulators of the desmin and keratin filament networks is the 

Type IV intermediate filament, synemin. Synemin is found in striated muscle 21, 30, as 

well as smooth muscle, neurons, glia, and hepatic stellate cells 31-33. An obligate 

heteropolymer, it is known to form filaments only in conjunction with Type III IFs, such 

as vimentin and desmin 21, 23, 34. In vitro studies have shown that the intermediate filament 

rod domain of synemin is also capable of interacting with keratins 5 and 6 35, though 

these keratins have yet to be characterized in striated muscle, nor is it known whether 

keratins and synemin form filament structures. Also found to interact with synemin’s 
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intermediate filament rod domain were components of the membrane-associated 

dystroglycan complex (DGC), dystrophin, utrophin, and α-dystrobrevin, and vinculin 22, 

23, 29. The ability of synemin to interact with both the intermediate filament network and 

members of membrane junctional complexes, such as the DGC, suggests that synemin 

may link the intermediate filament network to the sarcolemma 12, 22. 

Two isoforms of synemin, α and β, have been identified in the muscles of rat, 

mouse, and human 21, 36, 37. These isoforms are generated from the same gene via 

alternative splicing of the intron located between exons 4 and 5 38. The inclusion of this 

intron adds 330 amino acids to the C-terminus of synemin and generates the longer α 

isoform. A third isoform of synemin, γ, has been identified in the neuronal tissues of the 

developing mouse, and is also generated through alternative splicing 39, 40. The expression 

of synemin isoforms has been linked to tissue-specificity and developmental timing 31, 35, 

39, 40, with α being the predominant isoform in neuronal tissues 31, 41and β the predominant 

isoform in striated muscle 22, 23, 42, 43, which suggests that these two isoforms perform 

different cellular functions. Consistent with this hypothesis, the α-specific insert was 

found to interact with proteins associated with focal adhesions, such as vinculin, talin and 

zyxin 38, 44-46, while β-synemin has been tied to proteins linked to the contractile apparatus 

of striated muscle, like desmin, α-actinin, and plectin 12, 29, 42. An earlier study 

characterized synemin as an A-kinase anchoring protein (AKAP), suggesting that 

synemin may act as a scaffold for PKA signaling 43. Synemin’s localization near the 

contractile apparatus and cellular junctions may assist in the regulation of β-adrenergic 

signaling events that affect protein turnover, cellular remodeling, or ion channel 

permeability. 
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The Microtubule Network 

The microtubule network, another component of the cellular cytoskeleton, is 

responsible for the efficient trafficking of proteins and organelles through the cytoplasm. 

Polymerized heterodimers of α-tubulin and β-tubulin form polarized, hollow tubules that 

extend from the nuclear centrosome out towards the membrane of the cell. The formation 

of microtubules from the centrosome is referred to as “nucleation” and has been found to 

be regulated by pericentrin and γ-tubulin, which localize to the centrosome. Associated 

with the plus-ends of the tubules near the membrane are capping proteins, such as the EB 

family, that act to both stabilize and localize the tubules within the cytoplasm47.  

In skeletal muscle, the microtubules form a network that differs from the radial 

organization of epithelial cells and neurons 48-51. A subset of the microtubule network 

organizes longitudinally throughout the cytoplasm, running perpendicular to the Z-disks. 

In contrast, at the sarcolemma, the microtubule network interacts with the costameric 

domains, organizes transversely along the Z-disk domains, and down into the cell along 

the A-I junction 48, 52. The mechanisms driving microtubule network organization in 

skeletal muscle is not well understood, but has become an area of active study, 

particularly in regards to the development of myofibers 49, 53 and the relationship between 

microtubules and sarcolemmal integrity 54-58.  

 The organization of the sarcolemma and costamere of skeletal muscle is 

influenced by both the intermediate filament network and ankyrins. Recent studies have 

highlighted that disruption of the costameric membrane of striated muscle also causes the 

microtubule network associated with the costamere to be disordered 55, 58. The effects of 
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this microtubule disarray in striated muscle are unknown. As microtubules are primarily 

involved in the trafficking of proteins and organelles through the cytoplasm, disruption of 

the microtubule network causes changes to normal trafficking 59-61. Mitochondria have 

also been shown to traffic through cells along microtubules. Interference with this 

trafficking can affect mitochondrial localization and function 62-71. Many of these studies 

have been performed in plants, yeast, and neuronal cells, with little study of the 

trafficking of mitochondria through striated muscle, despite the importance of 

mitochondria on the normal function of muscle. The loss of either desmin or K19 

increases the number of mitochondria under the sarcolemma 7, 9, 15, 27, 72, 73. However, the 

loss of both desmin and K19 does not result in an increase in sub-sarcolemmal 

mitochondria 7, suggesting that the roles of desmin and K19 on the trafficking of 

mitochondria may be antagonistic.  

The intermediate filaments are linked to microfilaments and microtubules through 

the cytolinker, plectin 74-76. Plectin deficiencies and mutations have been linked to mild 

muscular dystrophies and epidermis bullosa in humans 77. In mice, the loss of plectin 

affects the normal organization of the desmin IF network 12, 74, 78 in muscle. Plectin 

knockdown also affects the organization of keratin 18 in liver cells 79, but it does not 

appear to affect either actin filaments or microtubules. Other non-plectin based linkages 

between microtubules and IFs have more recently been examined, including 

neurofilaments, which bind individual dimers of tubulin, thereby regulating the local 

formation of microtubules 80. The binding region for tubulin contained within the 

neurofilament head domain is also shared by other IFs, including keratins and desmin, 
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suggesting that this mechanism may also occur in other cell types, such as striated 

muscle.    

 A number of recent papers have focused on the effects of IFs on movement and 

trafficking of cellular vesicles and organelles. Vimentin is involved in the distribution of 

melanosomes 81 and in the proper localization of GLUT4 vesicles for rapid trafficking to 

the plasma membrane 82. The proper localization of the endoplasmic reticulum within 

neuronal axons involves neurofilaments 83, and GFAP and vimentin may play a role in 

limiting the mobility of endosomes and lysosomes in astrocytes 84. Together, these recent 

reports implicate intermediate filament networks in the mobility and localization of 

vesicles, and suggest a possible explanation for the apparent mislocalization and 

disruption of the mitochondria in the striated muscle of desmin and keratin IF knockout 

mice.   

Goals of Research 

 Our lab is interested in studying the role of the intermediate filament network 

plays in the development and maintenance of striated muscle structure, in particular, the 

sarcolemma and costameres. Most recently, we have characterized the expression of 

keratin filaments in skeletal muscle, identifying a previously unknown role for the 

keratins in the maintenance of the costameric M-band domain through an interaction with 

dystrophin 7, 19, 25, 27, 28. Both the desmin and the keratin filament networks appear to be 

involved in the regulation of mechanical stress and the organization and maintenance of 

the sarcolemma, but we also found that, such as in the localization of mitochondria, the 

two filament networks have antagonistic effects 7. To investigate how these antagonistic 
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effects arise in striated muscle, we initiated studies on another member of the 

intermediate filament network known to associate with desmin, synemin, and how its 

expression and organization influences, and is influenced by, the desmin and keratin 

filaments. Our results also led us to study the effects of the intermediate filament network 

on the organization of the microtubule network, and how trafficking of organelles might 

contribute to the altered phenotypes found in the intermediate filament knockout muscle.  
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CHAPTER 2: SYNEMIN ISOFORMS DIFFERENTIALLY ORGANIZE DESMIN  
FILAMENTS AND INTERCALATED DISKS 

 

INTRODUCTION 
 

Synemin’s role in the development of cardiomyocytes remains largely 

unexplored. Here, we use Taqman® assays to investigate its expression during 

embryonic and postnatal life, and compare it to several of its binding partners, including 

desmin, vimentin, vinculin, and α-actinin. We also reduced the expression of synemin to 

determine its role on the desmin filament network. Our results show that synemin is 

expressed early in the development of cardiomyocytes, that its α and β isoforms show a 

preference in distributing to cell-cell junctions and Z-disks, respectively, and that its loss 

results in defective organization of desmin IFs and unstable cell-cell junctions. Our 

results suggest that α- and β-synemin are found in predominantly different cellular 

locations, and thus participate in distinctive functions in the developing heart, and that 

together they are essential for the structure and function of the IF network in cardiac 

myocytes. 
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MATERIALS AND METHODS 
 
Cell cultures  

 Primary cultures of cardiac myocytes were prepared as described 85. Hearts were 

removed from rat pups at post-natal day 1 (1D). Atria were discarded and ventricular 

tissues were digested (51U/ml collagenase, 0.29 mg/ml pancreatin, 116 Mm NaCl, 20 

Mm HEPES, 1 Mm NaH2PO4, 5.5 Mm Glucose, 5.4 Mm KCl 0.8 Mm MgSO4, pH 7.4). 

Cells were counted with a hemocytometer and plated onto laminin-coated 6-well plates at 

a density of 2 x 106 cells per well. Cultures were incubated in DMEM/F12 media 

(American Type Culture Collection, Manassas, VA) supplemented with 5% horse serum, 

1 µg/ml insulin, 10 ng/ml sodium selenite, 1 µg/ml transferrin (Tri-Mix, Invitrogen, 

Carlsbad, CA) and 0.2% bovine serum albumin (Sigma-Aldrich, St. Louis, MO). 

Transfection and quantitative RT-PCR  

 Small inhibitory RNA (siRNA) sequences were selected that are unique to the 3’-

UTR region of synemin, as determined by BLAST analysis. Four 22mer sequences 

(Qiagen, Valencia, CA) were tested for their ability to reduce the levels of mRNA 

encoding synemin. The siRNA sequence selected for use in further experiments was the 

most effective (5’- CCG GTA CAG ATT GCC TTG GTA -3’, “synemin siRNA”) with 

>95% of cultured cardiomyocytes transfected, leading to ~ 90% decrease in mRNA 

expression. Transfections of cardiomyocytes with either siRNAs or plasmids were 

performed by electroporation in a Lonza Nucleofector with the kit for rat neonatal cardiac 

myocytes (Lonza Inc., Basel, Switzerland). Transfections were performed on 2.5 x 106 

cells in a volume of 100 µl of Nucleofector solution (Lonza Inc.) immediately after 

isolation and prior to plating. To test the efficiency of transfection, an Alexa-633 
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fluoroprobe was conjugated to synemin siRNA. Most (>95%) cardiomyocytes had Alexa-

633 fluorescence at 2D post-transfection. Control cultures were transfected with a 

scrambled siRNA sequence (Ambion, Life Technologies, Grand Island, NY).  Neonatal 

cardiac myocytes were also transfected with full-length α- or β-synemin, as previously 

described 43. 

 We used quantitative RT-PCR (QRT-PCR) to assay the reduction in the levels of 

synemin mRNA after transfection with synemin siRNA. A standard curve for synemin 

amplification by PCR was generated with serial dilutions of a plasmid containing 800 bp 

of nucleic acid sequence that is common to both α- and β-synemin. SYBR Green (Bio-

Rad, Hercules, CA) fluorescence was measured using an Opticon Thermocycler (Bio-

Rad). Copy numbers of synemin mRNA in siRNA-treated and negative control cultures 

were determined by extrapolation based on the standard curve. 

TaqMan® assays 

  Total RNA was extracted from rat hearts or cultures of neonatal cardiac myocytes 

with the Quick Prep Total RNA Extraction kit (GE Life Sciences, Piscataway, NJ). RNA 

was converted into Cdna with the iScript kit (Bio-Rad). Fifty ng of cDNA was utilized 

for TaqMan® assays with synemin probes; 20 ng of cDNA was used with all other 

TaqMan® probes. TaqMan® assays to detect desmin (Rn 000574732_m1), vimentin (Rn 

00667825_m1), vinculin (Rn 01755894_m1), α-actinin (Rn 01470232_m1), and GAPDH 

(Rn 99999916_s1) were purchased from Applied Biosystems. The two custom Taqman® 

assays for synemin, utilized for quantifying α-synemin or α+β-synemin mRNA, were 

published previously 33. TaqMan® Master Mix (Applied Biosystems, Life Technologies, 

Grand Island, NY) probes and cDNA for all assays were added to 384 well plates in a 10 
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µl final volume per reaction 86. Each sample was assayed in triplicate and the average of 

the three values plotted for each data point. PCR amplification was performed with a 

7900 Thermal Cycler (Applied Biosystems). Results were plotted as either the average 

comparative cycle time (Ct) for triplicate wells for each gene product at each 

developmental time, or as 1/Ct (after normalization to an internal reference, GAPDH) 86. 

Antibody generation  

 A monoclonal antibody was produced that recognizes both α- and β-synemin (“Syn-

Mab”) in rat, mouse and human. Specificity of the Syn-Mab antibody was determined in 

immunoblots of lysates of CHO cells, transfected with either α- or β-synemin cDNAs, 

subcloned into pcDNA3 43, and of adult rat hearts (Figure 1). 

 A rabbit polyclonal antibody that specifically recognizes α-synemin (R238) was 

generated using a GST fusion protein construct comprising the entire α-synemin insert. 

Specificity of the antibody was determined in immunoblots of lysates of adult rat hearts 

(Figure 1), where it recognized a band of ~210 kDa. The reactivity with the 210 kDa 

band was blocked by pre-incubating the antibody with purified α-synemin insert 

conjugated to MBP. 
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Figure 1: Characterization of synemin antibodies 

(A). CHO cells transiently overexpressing either α-synemin (lane 1), β-synemin (lane 2) 
or both (lane 3) were used to test the specificity of a new monoclonal antibody (Syn-
Mab) generated against synemin. The antibody recognizes both isoforms of synemin in 
CHO cell extracts. As β-synemin (180kDa) is an alternative splice form of α-synemin 
(210kDa), some β-synemin is found in CHO cells transfected with only the α-synemin 
Cdna. A negative control (untransfected CHO cell lysate) is shown in lane 4. (B). Syn-
Mab recognizes both synemin isoforms in rat heart lysates. Heart lysates from rats at P21 
(lane 1) and at 6 months of age (lane 2) were used to test the specificity of Syn-Mab. Α-
Synemin (210kDa) and β-synemin (180kDa) were found to be expressed at both time 
points. Α-Synemin is expressed more in P21 hearts than in adult hearts. Tickmarks for 
(A) and (B) represent molecular weight markers as follows: 198, 114, 96, 53, and 36 kDa. 
(C). A new α-synemin specific polyclonal antibody (R238) was generated against the α-
synemin specific sequence. Heart lysates from adult rats (6 months of age) were used to 
test the specificity of the antibody. R238 recognizes a 210kDa band that is blocked by 
pre-incubating the antibody with purified α-synemin insert (not shown). Tickmarks 
represent molecular weight markers: 250, 150, 100, 75, 50, and 37 kDa. 
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Immunofluorescence and microscopy  

 Cultures of neonatal cardiomyocytes were fixed in 4% paraformaldehyde in PBS and 

immunostained as described 43. Sources and dilutions of the primary antibodies used are 

presented in Table 2. Cultures were blocked and all antibodies were diluted in 

Superblock-PBS (Invitrogen). Cultures were washed with 0.1% Triton-X 100 in PBS and 

incubated with secondary antibodies (Table 2). Negative controls included 

cardiomyocytes incubated with individual primary antibodies and both secondary 

antibodies, or myocytes incubated with secondary antibodies alone. Myocyte-specific 

markers (desmin and sarcomeric α-actinin) were used to identify cardiomyocytes. Actin 

was labeled using fluorescently conjugated phalloidin (Invitrogen, Table 2). Some 

coverslips were pre-treated for 3 minutes at room temperature with 0.1% Triton X-100 in 

PBS prior to fixation with 4% paraformaldehyde. Following this pre-treatment, 

immunostaining progressed as described above. 

 Cover slips were mounted and nuclei stained using Vectashield Mounting Media with 

DAPI (Vector Labs, Burlingame, CA). Immunostaining was visualized with a Nikon 

TE2000-U inverted fluorescent microscope (Nikon Instruments, Melville, NY) and 

images were obtained with a Spot digital camera (Diagnostic Instruments, Inc., Sterling 

Heights, MI) with Spot Advanced software (Ver 4.0.2). Laser scanning confocal 

microscopy was performed with a Zeiss LSM 410, equipped with a 63X / NA 1.4 

objective. Image analysis and fluorescence profiles were performed with ImageJ software 

(Ver 1.38, Scion Corporation, National Institutes of Health, Bethesda, MD). To quantify 

the relative immunofluorescence pixel intensities for desmin and α-actinin at the level of 

Z-disks, we used the plot profile function of ImageJ. The lines used to create the profiles  
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Table 2: Antibodies used in NCM experiments 

Primary antibodies:  Dilution 
Antibody Species Source ICC WB  
Syn-Mab Mouse monoclonal L. Lund 1:100 1:1000  
R238 (α-Synemin) Rabbit polyclonal J. Kerr, R. Bloch 1:100 1:2000  

Avian synemin Rabbit polyclonal 
R.Robson, Iowa St 
Univ 1:100 1:2500 

 

Desmin (clone DE-U-10) Mouse polyclonal Sigma-Aldrich 1:100 1:5000  
Desmin Rabbit polyclonal Cappel 1:150 1:5000  
Desmin Rabbit polyclonal NeoMarkers/Fisher 1:100   
α-actinin (clone EA-53) Mouse monoclonal Sigma-Aldrich 1:100 1:5000  
Vinculin Goat polyclonal Santa Cruz Biotech  1:2500  
Vinculin (Hvin-1) Mouse monoclonal GeneTex Inc 1:100 1:2500  
Desmoplakin Rabbit polyclonal AbCam Inc 1:100   
Plakoglobin Mouse monoclonal Progen Biotechnik 1:100   
Connexin-43 Mouse monoclonal Zymed Labs 1:100   
N-cadherin Rabbit polyclonal Novacastra 1:100   
GAPDH Mouse monoclonal Ambion  1:10000  
Titin-M band epitopes Rabbit polyclonal Santa Cruz Biotech 1:50   
Obscurin C Rabbit polyclonal R Bloch 1:100   
Obscurin N Mouse monoclonal R Bloch 1:100   
Cardiac myosin heavy 
chain 

Mouse monoclonal Pierce 1:100 
  

Telethonin/TCAP Mouse monoclonal Santa Cruz Biotech 1:100   
Plectin Mouse monoclonal Sigma-Aldrich 1:100   
      
Secondary antibodies:   
Alexa-488 Goat-anti-mouse IgG Molecular Probes 1:500   
Alexa-568 Goat-anti-rabbit IgG Molecular Probes 1:500   
HRP Goat-anti-mouse IgG KPL  1:20000  
HRP Goat-anti-rabbit IgG KPL  1:10000  
HRP Rabbit-anti-goat IgG KPL  1:10000  
Other:       
Alexa-488 Phalloidin Molecular Probes 5 U/ml   
Antigenic peptide for 
making Syn-Mab 

CPEEKMFDSKEKASE Molecular Probes 
5 U/ml 

  

Antigenic peptide for 
making R238 pAb 

V S A G G D L S Q A A S P T G A S R S V R H V T L G P G Q S P L S R 
E V I F L G P A P A C P E A W G S P E P G P A E S S A D M D G S G R 
H S T F G C R Q F H A E K E I I F Q G P I S A A G K V G D Y F A T E E 
S V G T Q T S V R Q L Q L G P K E G F S G Q I Q F T A P L S D K V E 
L G V I G D S V H M E G L P G S S T S I R H I S I G P Q R H Q T T Q Q 
I V Y H G L V P Q L G E S G D S E S T V H G E G S A D V H Q A T H S 
H T S G R Q T V M T E K S T F Q S V V S E S P Q E D S A E D T S G A 
E M T S G V S R S F R H I R L G P T E T E T S E H I A I R G P V S R T 
F V L A G S A D S P E L G K L A D S S R T L R H I A P G P K E T S F T 
F Q 

Abbreviations: ICC: Immunocytochemistry; WB: Western blot 
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were 10 pixels wide and ran perpendicularly to 3 consecutive Z-disks. The resulting pixel 

values were imported into SigmaPlot (Systat Software, Inc., Chicago, IL) and were 

plotted as line graphs to visualize the relative intensity and overlap of the fluorescent 

signals.  

SDS-PAGE and immunoblotting  

 To produce pellet and supernatant fractions, cultures of rat cardiomyocytes were 

lysed and resuspended in a minimal volume of a mild detergent solution, Mammalian 

Protein Extraction Reagent (Pierce, Life Technologies), supplemented with 300 Mm 

NaCl, 40 Mm EDTA, and 10 µg/ml protease inhibitor cocktail (Sigma-Aldrich). Lysates 

were centrifuged at 4oC and 10,000 x g for 10 min. Pellets were resuspended in a 

reducing and denaturing buffer (4% SDS, 20% glycerol, 10% β-mercaptoethanol, 0.004% 

bromphenol blue, 0.125 M Tris-HCl). Aliquots containing  20 µg total protein for pellets, 

or 50 µg for supernatants or whole cell lysates, were separated by SDS-PAGE on 4-15% 

gradient gels (Bio-Rad) 43. Protein concentrations were determined with the BCA assay 

(Pierce). Fractionated proteins were transferred from gels to PVDF membranes (Pierce) 

and immunoblotting was as described 43. Blots were incubated overnight with primary 

antibody (see Table 2). After incubation with secondary antibodies, bands were 

visualized with a chemiluminescent substrate (SuperSignal West Pico, Pierce). Laser 

densitometry was performed on digitized images (Kodak Gel Logic, Carestream Health, 

Rochester, NY) 43. Protein bands were normalized to GAPDH and differences compared 

by one-tailed t-tests. Error bars represent means + s.e.m. 
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Protein lysates (800 µg per immunoprecipitation), extracted as described above 

from cultured neonatal cardiomyocytes, were incubated overnight at 4°C with 2 µg of 

primary antibody. Antibody-antigen complexes were bound to Protein G-Sepharose 

beads, according to manufacturer’s protocol (Pierce). Beads were washed and 

specifically-bound proteins were eluted in a minimal volume of SDS-PAGE sample 

buffer. Eluted proteins were divided equally between two lanes on 4-15% gradient SDS-

polyacrylamide gels. 
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RESULTS 
 

Both α- and β-synemin are expressed in the developing heart 

 Rat hearts were isolated at from pups at embryonic days 16 and 19 (E16, E19), 

post-natal days 1, 3, 7 and 21 (P1, P3, P7, P21) and adult mice at 6 months of age (6 

mos). mRNA was extracted and used to generate cDNA for Taqman® assays (Figure 2) 

and RT-PCR (Figure 3). Using a Taqman® probe that was able to detect both α- and β-

synemin, we found that synemin mRNA increased following birth between P3 and P7. 

The levels of synemin mRNA then decreased to embryonic levels by 6 months. We also 

probed specifically for α-synemin mRNA and found similar, though smaller, trends in 

expression for this isoform (Figure 2B). By RT-PCR, we found expression of both 

synemin isoforms from E16 to 6 mos (Figure 3). Taqman® Probes for known synemin 

binding partners, namely desmin, vimentin, α-actinin, and vinculin, were also used in 

these assays to determine their expression levels throughout development (Figure 2A, 

2C). We found vimentin expression to be highest in the embryonic time points, after 

which it declined (Figure 2A, 2C, Figure 3). In contrast, desmin, the predominant IF in 

adult striated muscle, was expressed highest in the adult rat heart (Figure 2A, 2C). 

Vinculin and α-actinin mRNA expression did not change dramatically during 

development (Figure 2A, 2C).  
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Figure 2: Expression of synemin mRNA in cardiac myocytes. 

Taqman® assays were used to determine the relative ratios of synemin mRNA to 
GAPDH in rat hearts as a function of developmental time. (A). Hearts were isolated from 
rats at E16, E19, P1, P3, P7, P21, and 6 months of age. DNA (20µg) from each was 
assayed in triplicate to detect desmin, vimentin, α-actinin, vinculin, and GAPDH. (B). To 
assay α-synemin, and both α- and β-synemin mRNA combined (α/β-synemin), 50µg of 
DNA was used. The highest values for α-synemin and α/β-synemin were detected at P7. 
(C). After normalization to GAPDH, desmin expression was found to be highest at 6 
months of age, while vimentin expression decreased over time. Vinculin and α-actinin 
levels remained the same over time. 
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Figure 3: Expression of synemin mRNA in developing cardiomyocytes 

mRNA (20µg) extracted from rat hearts at E16, P1 (D1), P21 (D21), and 6 months (Ad) 
of age were used for RT-PCR assays. Similar to the Taqman® assays, α- and β-synemin 
are expressed at similar levels at all time points. Vimentin expression decreases over 
time. Desmin, vinculin, and α-actinin are expressed at similar levels at all time points. 
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Synemin isoforms localize to different structures in neonatal cardiomyocytes 

 Previously, we immunostained cultured neonatal cardiomyocytes at day 2 and day 

4 for synemin localization 43. We found that at day 2, synemin localized primarily to the 

sarcolemma, but that by day 4, synemin was also found in periodic striations associated 

with Z-disks. Considering that both synemin isoforms are expressed in developing 

cardiomyocytes, we asked whether synemin isoforms had preferential localization to 

either the sarcolemma or the Z-disk.  

 To begin, we cultured neonatal cardiomyocytes for 4 days and then 

immunostained for synemin, using an antibody that recognized both isoforms. Consistent 

with our previous report, we found synemin staining at both the Z-disk and the 

sarcolemma at areas of cell-cell contact (Figure 4A). We found synemin co-localized 

with desmin at both structures. By transfecting myocytes with cDNA plasmid encoding 

either β-synemin or α-synemin, we were able to look at the isoform specific localizations. 

When overexpressed, β-synemin localized predominantly to the Z-disk, as labeled with α-

actinin (Figure 4B, white arrow), and did not localize to areas of cell-cell contact (Figure 

4B, yellow arrow). In contrast, the over-expression of α-synemin resulted in a strong 

synemin signal at the sarcolemma and cellular junctions (Figure 4C, white arrows) and 

no apparent Z-disk localization. These data suggest that α- and β-synemin preferentially 

localize to different structures within the myocyte. 

 In order to confirm that endogenous α-synemin localized to the sarcolemma, we 

developed an α-synemin specific antibody (c.f. Figure 1C). In 4 day myocyte cultures, 

this antibody specifically labeled sarcolemmal areas of cell-cell contact and not Z-disks 
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(Figure 4D). These nascent intercalated disks labeled with both α-synemin and desmin 

(Figure 4E), suggesting that these two proteins may interact at cellular junctions.  

Developing an siRNA against synemin 

 We next wanted to test whether the expression of synemin played a role in the 

development or stability of either the Z-disk or the nascent intercalated disk. We 

developed an siRNA construct that, upon transfection, was able to reduce mRNA 

expression of both synemin isoforms by 90% ± 3% (n=3; P=0.001, 1-tailed t-test) at 2 

days post-transfection. Taqman® assays revealed that synemin mRNA expression was 

significantly decreased at 2 days and gradually increased through 7 days in culture, 

without reaching control levels of expression (Figure 5A). The expression levels of 

desmin, vimentin, α-actinin, and vinculin were unchanged following siRNA treatment, 

confirming that the siRNA generated against synemin was specific (Figure 5A). Western 

blots were used to confirm that total synemin protein was also reduced following siRNA 

treatment of cardiac myocytes. Lysates were collected from cultures 4 days post-

transfection and separated on SDS-PAGE gels, transferred to nitrocellulose membranes 

and labeled with antibodies against synemin, desmin, α-actinin, and vinculin (Figure 

5B). Following siRNA treatment, both α- and β-synemin showed significant reduction in 

protein levels. β-Synemin was reduced by 71% (0.29 ±0.04; n=4; P<0.002, 1-tailed t-test) 

while α-synemin protein was decreased 79% (0.21 ± 0.09; n=4; P≤0.05, 1-tailed t-test). 

Compared to controls, the total protein amounts of desmin (1.03+0.04; n=4), α-actinin  
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Figure 4: Subcellular localization of synemin isoforms in neonatal cardiac myocytes. 
(A). Neonatal cardiac myocytes (NCM) were cultured for 4 days prior to immunostaining 
for synemin (rabbit polyclonal) and desmin. Synemin localizes to areas of cell:cell 
contact (arrows) as well as periodic striations (Z-disks). (B). NCMs transiently 
transfected with cDNA for β-synemin show periodic striations at the Z-disks (white 
arrow) but not the sarcolemma (yellow arrow). Immunostaining for α-actinin labels both 
structures. (C). NCMs transiently transfected with cDNA for α-synemin show distinct 
labeling at the sarcolemma (arrows), with no labeling in the cytoplasm at the Z-disks, as 
labeled by α-actinin. (D). Using the polyclonal antibody specific for α-synemin (R238), 
NCMs were immunostained for endogenous α-synemin and α-actinin. α-Synemin 
staining appears at the sarcolemma and is not found in striations. (E). Staining for 
endogenous α-synemin and desmin again shows α-synemin localizing to the sarcolemma 
at areas of cell:cell contact. Desmin is also found to be associated with these junctional 
areas (inset). Scale bar = 10µm. 



 
 

~ 26 ~ 

 

 



 
 

~ 27 ~ 

 

(1.04±0.05; n=4), and vinculin (1.04+0.03; n=4) were unchanged following treatment 

with synemin siRNA (Figure 5B).  

Loss of synemin disrupts Z-disk-associated desmin filaments 

 Our previous work suggested that synemin localized to the Z-disk prior to desmin 

43. As the association with desmin is one of the better characterized interactions of 

synemin, we wondered if the association of desmin with the Z-disk was dependent upon 

synemin. We treated myocytes with synemin siRNA and cultured them for 4 days, at 

which point the cultures were fixed and immunostained for desmin and α-actinin. In 

cultures receving the siRNA, desmin organization at the level of the Z-disk was affected, 

resulting in longitudinal, randomly oriented filaments throughout the cells (Figure 6). A 

double-blinded study was done to quantitate the relative differences in desmin 

organization between siRNA-treated and untreated cultures. Cultures treated with siRNA 

against synemin were found to have 54% of cells showing random organization of 

desmin filaments, compared to untreated cultures, which were found to have 23% 

(Pearson’s χ2 test; P=0.005)(Figure 6A, 6B and Table 3). Images of control and siRNA-

treated myocytes were also used to generate plot profiles of desmin and α-actinin 

organization at the Z-disk. Control myocytes were found to have high co-localization of 

α-actinin and desmin at Z-disks, while siRNA-treated myocytes were found to have 

normally organized α-actinin at the Z-disks but little desmin associated at the same 

structures (Figure 6C, 6D). Together, these data suggest that synemin is involved in the 

organization of desmin filaments at the Z-disks.  
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Figure 5: Effect of synemin knockdown. 

(A) Following transfection with synemin siRNA, NCMs were cultured for 2, 3, 4, 6, and 
7 days prior to RNA extraction. Resulting Taqman® values were first normalized to 
GAPDH, and are displayed as ratios of control versus siRNA-treated cultures (∆∆Ct). 
The zero point of the graph represents no change between control and siRNA-treated 
cultures. mRNA levels for both α- and α/β-synemin showed the greatest reduction 
following siRNA treatment beginning at 2 days. mRNA levels for synemin then 
gradually increased, but never reached control levels. Desmin, vinculin, vimentin, and α-
actinin showed no change in mRNA levels following siRNA treatment. Error bars = 
S.E.M. (B) Total cell extracts from control and siRNA-treated NCMs were collected at 4 
days and run on SDS-PAGE gels. Desmin, vinculin, and α-actinin showed no change in 
total protein with siRNA treatment. Both synemin isoforms (α and β) were significantly 
reduced (71%). Bars marked with asterisks are significantly different from controls. 
Bands were normalized to GAPDH. 



 
 

~ 29 ~ 

 

 

Figure 6: Knockdown of synemin disrupts the association of desmin with Z-disks. 

(A, B) Control and siRNA-treated NCMs were cultured for 4 days and then 
immunostained for desmin. The extent of desmin organization in NCMs was scored by a 
blinded observer, and the NCMs binned into three categories: 1) High organization, 
where desmin was found in very clear striations, 2) Intermediate organization, where 
there were some areas of striated desmin, and 3) Random organization, characterized by 
little to no organized desmin. NCMs treated with siRNA against synemin were found to 
have a large number of cells with little to no organization of desmin at the Z-disks, 
compared to control NCMs, which were found to have more than half of their cells with 
high levels of desmin organization. A Pearson’s Chi-Square test (Table 1) determined 
that myocytes in two categories, Random and High, were significantly different (p = 
0.005). Scale bars =10µm. (C,D) Control (C) and siRNA-treated (D) NCMs were 
immunostained for desmin and α-actinin. Red bars represent lines used for scanning 
relative intensity with ImageJ. siRNA-treated NCMs demonstrate α-actinin organizes to 
the Z-disk, while desmin does not organize to the Z-disk. Control NCMs showed 
periodicity of both desmin and α-actinin.  
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Table 3: Desmin organization at Z-disks 
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Loss of synemin does not result in a disruption of the sarcomere 

 As the loss of synemin resulted in a disruption of desmin at the Z-disk, we 

wondered if this was a direct effect on desmin, or if the knockdown of synemin affected 

the normal development of the sarcomere. As before, we used control and siRNA-treated 

myocytes, cultured for 4 days, in immunofluorescence assays (Figure 7). We 

immunostained for both Z-disk and M-line associated proteins and compared the results. 

Besides desmin (c.f. Figure 6), there was no difference in organization for proteins that 

localize to the Z-disk, including the Z-line domains of titin and obscurin, telethonin, and 

α-actinin. Similarly, the M-line domains of titin and obscurin were also organized in both 

control and siRNA-treated myocytes. Actin, as labeled with phalloidin, and cardiac 

myosin also showed no changes following siRNA treatment. We also looked at the 

organization of vinculin, another synemin binding partner, and found no change in its 

organization at the sarcolemma after synemin knockdown.  

Synemin knockdown affects the association of plectin with desmin 

The association of desmin with the Z-disk was recently proposed to be due to an 

interaction with plectin 12, 78, which also binds to β-synemin 12. The conditional knockout 

of plectin disrupts the organization of both desmin and synemin 87. We asked whether the 

disruption of the desmin filaments around the Z-disk following synemin knockdown was 

due to a disruption of Z-disk-associated plectin. We immunostained control and siRNA-

treated myocytes for plectin and desmin after 4 days in culture. In control cultures, 

plectin and desmin were highly co-localized at both the Z-disks as well as at cell-cell 

junctions and nascent intercalated disks (Figure 7, left panels). Upon synemin 

knockdown, as seen in Figure 6, desmin was not organized at the Z-disk, but plectin  



 
 

~ 32 ~ 

 

Figure 7: Synemin siRNA does not affect other members of the contractile 
apparatus. 

Control and siRNA-treated NCMs were cultured for four days and then fixed and stained 
for proteins associated with the contractile apparatus. Members associated with both the 
Z-disk and the M-line were unaffected in synemin siRNA-treated NCMs. Abbreviations: 
Vinc – vinculin; ObsC – C-terminus of obscurin; act – actin; aat – α-actinin; cmyo – 
cardiac myosin; TiZ – Z-line domain of titin; TiM – M-line domain of titin; TCAP – 
telethonin; ObscN – N-terminus of obscurin. Scale bars = 10µm. 
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remained localized there (Figure 8, right panels). Some desmin and plectin remained 

concentrated at the sarcolemma, but they were no longer highly co-localized at cell-cell 

junctions. These data suggest that the knockdown of synemin interfered with the ability 

of plectin and desmin to concentrate at intercalated disks, but that plectin’s localization to 

the Z-disk did not depend on synemin. 

Knockdown of synemin disrupts cell-cell junctions 

 We found that upon knockdown of synemin, sarcolemmal plectin and desmin 

were both disorganized. As we also demonstrated that α-synemin appeared to localize 

preferentially to the sarcolemma and cell-cell junctions, we considered if the localization 

and organization of junctional proteins would be affected by the loss of synemin from 

these domains. We began by examining the localization of the junctional protein, N-

cadherin. We cultured control and siRNA-treated myocytes for either 2, 4, or 5 days prior 

to fixation and immunostaining for N-cadherin. In control cultures at day 2, N-cadherin 

localized to the sarcolemma and also exhibited some diffuse cytoplasmic staining. By the 

day 5, the N-cadherin labeling localized to discrete patches of membrane, consistent with 

cell-cell junctions and nascent intercalated disks (Figure 9A). siRNA-treated cultures 

displayed similar N-cadherin staining at day 2 in culture, but at day 3, the N-cadherin 

staining at the sarcolemma was reduced while the diffuse cytoplasmic staining was 

retained. By day 5, there was little sarcolemmal staining of N-cadherin and only 

disorganized cytoplasmic staining (Figure 9A), suggesting that the loss of synemin 

affected the retention of N-cadherin at the nascent intercalated disk.  
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Figure 8: Plectin organization at the membrane is affected by synemin knockdown. 

Control and siRNA-treated NCMs were cultured for 4 days prior to being immunostained 
for plectin and desmin. In control NCMs, both plectin and desmin organized to the Z-disk 
in distinct striations. Localization of both proteins also occurred at the cell:cell junctions, 
where they co-label. As previously shown, in siRNA-treated NCMs, desmin is not well 
organized at the Z-disk, but appears to still localize to some areas of the sarcolemma. 
Plectin, in contrast, remains localized to the Z-disk. Plectin also localizes to a subset of 
cellular junctional regions at the sarcolemma but does not co-localize with desmin. Scale 
bars = 10µm. 
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 We also examined whether synemin was involved in the formation or stability of 

the desmosomes, which are linked to the desmin filaments via desmoplakin and 

plakoglobin. In control myocytes at day 4 in culture, both desmoplakin and plakoglobin 

were highly co-localized at the cell-cell junctions of the sarcolemma (Figure 9B). In 

contrast, siRNA-treated myocytes displayed more cytoplasmic desmoplakin, and the cell-

cell junctions appeared disrupted (Figure 9B). Control and siRNA-treated myocytes were 

visually distinguishable by three double-blinded naïve observers (with correct scores of 

80, 80, and 96%; P<0.001, rank sum test).  

 Following homotypic binding of N-cadherin, the next step in forming mature cell-

cell junctions and intercalated disks is the recruitment and localization of connexin-43 

(CX-43) and their association to form gap junctions. As the association of N-cadherin 

with the intercalated disks was affected by the knockdown of synemin, we wanted to 

know whether this also affected the recruitment or localization of CX-43 to the cell-cell 

junctions. Using control and siRNA-treated myocytes at day 4 in culture, we 

immunostained for both N-cadherin and CX-43. As before, N-cadherin staining in control 

myocytes was found primarily at the nascent intercalated disk. CX-43 was also localized 

to the nascent intercalated disk (Figure 9C). In cells lacking synemin, however, N-

cadherin localization was again affected, with the cellular junctions appearing disrupted, 

and similarly, CX-43 localization at the membrane was disrupted, with an increase in 

cytosolic puncta (Figure 9C). Together with the disruption of plectin at the sarcolemma, 

these data confirm our hypothesis that synemin is involved in the stabilization or 

assembly of junctional complexes and the development of the intercalated disk. 
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Figure 9: Loss of synemin affects sarcolemmal adhesion sites and gap junctions. 

 (A). Control and siRNA-treated NCMs were cultured for 2, 4, or 5 days and then 
immunostained for N-cadherin. At 2 days post-transfection, both control and siRNA-
treated cells exhibited similar N-cadherin staining at the sarcolemma and in the 
cytoplasm (n=3 paired cultures). By day 4, control myocytes show N-cadherin labeling at 
opposing cell membranes (arrows), while in siRNA-treated cells, N-cadherin labeling is 
predominantly cytoplasmic with little N-cadherin associated with the plasma membrane 
(n=5 paired cultures). At day 5, nascent intercalated disks are in evidence in control 
myocytes, but not in siRNA-treated cells (n=3 paired cultures). (B). Similarly, siRNA-
treated NCMs had reduced sarcolemmal staining of plakoglobin and desmoplakin, two 
members of the desmosomal complex. Arrows indicate areas of siRNA-treated cells that 
had disrupted desmosomal staining. (C). Immunostaining for both N-cadherin and 
connexin 43 also demonstrated an effect of synemin siRNA on the stability of membrane 
junctions.-Control cells have discrete staining of connexin-43 at nascent intercalated 
disks, while siRNA-treated cells show disorganized connexin-43 staining in the 
cytoplasm along with disrupted N-cadherin staining. Scale bars = 10µm. 
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Synemin isoforms and binding partners have differential solubility 

 In previous studies, synemin was demonstrated to be incapable of forming 

homopolymeric filaments, instead requiring the presence of a type III intermediate 

filament, such as desmin or vimentin, to form insoluble, heteropolymeric filaments 30, 32, 

38. It was also suggested that synemin was capable of forming soluble, non-polymeric 

dimers and tetramers 21. We explored the solubility of the two synemin isoforms in 

neonatal cardiac myocytes to determine whether synemin was associated with insoluble 

protein complexes, such as filaments.  

 Protein lysates were collected from 4 day control and siRNA-treated myocyte 

cultures using a mild, non-denaturing detergent. These were spun to separate the 

insoluble pellet from the soluble fraction, and the two resultant fractions were separated 

on SDS-PAGE gels and blotted. The two synemin isoforms, α and β, were found in 

different fractions: α was associated with the insoluble pellet, and β associated with the 

soluble fraction (Figure 10A). Consistent with our earlier data (c.f Figure 5B), following 

siRNA treatment, no α-synemin was detected in either fraction and only a small amount 

of β-synemin remained in the soluble fraction (Figure 10A). As the total amount of α-

synemin protein was low, we transfected myocytes with cDNA encoding α-synemin to 

overexpress the protein, and confirmed its association with the insoluble pellet (Figure 

10B).  

 We then asked whether any of synemin’s binding partners preferentially 

associated with either the soluble or insoluble fraction. Desmin was found primarily in 

the insoluble pellet fraction (Figure 10C). Vinculin and α-actinin, however, concentrated  
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Figure 10: Solubility of synemin isoforms and known binding partners. 

Control and siRNA-treated NCMs were cultured for 4 days prior to protein extraction in 
MPERS buffer. Resultant lysates were centrifuged to separate the insoluble pellet (P) 
from the soluble (S) fraction. (A). β-synemin was found primarily in the supernatant 
fraction, while α-synemin associated with the insoluble pellet. Following siRNA, no α-
synemin was detected in either fraction, while a small amount of β-synemin remained in 
the supernatant. (B). Overexpression of α-synemin confirmed its association with the 
insoluble pellet, in contrast to endogenous β-synemin which remained predominantly in 
the supernatant. (C). Desmin concentrated in the pellet fraction, while α-actinin and 
vinculin both concentrated in the supernatant, with some protein fractioning to the pellet. 
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in the soluble fraction, with a small amount of each protein fractionating to the insoluble 

pellet. These data suggest that α- and β-synemin have different solubility, possibly due to 

their differential associations with other binding partners and complexes, such as desmin 

and α-actinin. 

 To explore this further, we used immunofluorescence to identify the insoluble 

structures with which synemin associated. Control myocytes cultured for 4 days were 

extracted with buffered 0.1% Triton X-100 for 3 minutes prior to fixation with 

paraformaldehyde. This pre-treatment released soluble, cytosolic proteins as well as some 

membrane proteins, leaving behind the more insoluble protein complexes and structures. 

When we stained these coverslips for synemin and desmin, both proteins concentrated 

along the sarcolemma and at cell-cell junctions (Figure 11, upper panels). We also found 

cells that exhibited filamentous synemin and desmin staining throughout the cytoplasm 

(Figure 11, lower panels), suggesting that both synemin and desmin were associated with 

insoluble protein complexes at the sarcolemma, and in cytoskeletal filaments throughout 

the cytoplasm. 

 We also immunostained pre-treated cultures for synemin and vinculin. Unlike the 

synemin and desmin staining described above, vinculin and synemin were still present at 

structures that were insoluble in detergent, but they did not co-localize (Figure 12), 

suggesting that these two proteins are not in the same complexes as they clearly segregate 

upon extraction of soluble proteins. 

 

  



 
 

~ 41 ~ 

 

 

Figure 11: Insoluble synemin is associated with desmin 

Control NCMs were cultured for four days prior to extraction with 0.1% Triton X-100 in 
PBS and fixation for immunofluorescence. Cells were stained for desmin and synemin. In 
cells extracted with Triton X-100 prior to fixation, desmin staining revealed bundles of 
filaments around the nucleus and cytoplasm, as well as at cellular junctions and the 
sarcolemma. Synemin showed similar localization to desmin, with large aggregates at the 
cellular junctions and sarcolemma, as well as bundles of filaments in the cytoplasm.  
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Figure 12: Insoluble synemin is not associated with insoluble vinculin. 

Control NCMs were cultured for four days prior to treatment with 0.1% Triton X-100 in 
PBS and fixation for immunofluorescence. Cells were stained for vinculin and synemin. 
In cells extracted with Triton X-100 prior to fixation, vinculin remained at cellular 
junctions and along the sarcolemma. Some cytoplasmic vinculin staining was also 
visible. In contrast, synemin staining was found at the cellular junctions and sarcolemma. 
Synemin was also found in filament-like structures in the cytoplasm and around the 
nucleus, but synemin but did not colocalize with vinculin at any of these sites.  
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Association of synemin with vinculin and α-actinin 

 We identified both vinculin and α-actinin in the soluble fraction of lysates from 

our cardiomyocyte cultures, and we hypothesized that, as β-synemin was also in the 

soluble fraction, that vinculin and α-actinin might interact with β-synemin. To test our 

hypothesis, we used immunoprecipitation with antibodies against synemin, vinculin, and 

α-actinin to pull out the associated complexes from our myocyte lysates (Figure 13). We 

found that α-actinin co-immunoprecipitated with synemin (Figure 13A), and in 

particular, that β-synemin was the predominant isoform that immunoprecipitated with α-

actinin (Figure 13B). This result is consistent with our hypothesis that β-synemin 

interacts with α-actinin at the Z-disks. We also were able to co-immunoprecipitate 

vinculin with synemin (Figure 13C), though contrary to earlier reports that found 

synemin preferentially interacted with metavinculin 46, we found that synemin 

preferentially pulled down vinculin and not metavinculin. The reverse 

immunoprecipitation experiment pulled down both α- and β-synemin with antibodies 

against vinculin (Figure 13D). That α-synemin was precipitated with both α-actinin and 

vinculin suggests that the interactions between synemin and these proteins are not 

exclusive to either isoform, but the small amount of α-synemin pulled down in these 

experiments is consistent with our earlier results demonstrating that α-synemin is not 

enriched in the soluble fractions of myocyte lysates. 
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Figure 13: Association of synemin with vinculin and α-actinin. 

Control NCMs cultured for four days were solubilized and the supernatants used for 
immunoprecipitation. (A). α-actinin co-immunoprecipitated with synemin MAb, but not 
control anti-His antibody. (n=3). (B). Both α- and β-synemin immunopreciptated with the 
synemin MAb. In lysates probed with anti-α-actinin antibody, both synemin isoforms co-
immunoprecipitated, but β-synemin appeared to be the predominant isoform associated 
with α-actinin. (C). Both isoforms of vinculin (meta: 150kDa; vinculin: 110kDa) were 
immunoprecipitated with anti-vinculin antibody. In lysates probed with the anti-synemin 
MAb, only vinculin, not metavinculin, co-precipitated. A smaller unidentified vinculin 
band also co-immunoprecipitated with synemin MAb. (D). Lysates probed with anti-α-
actinin co-immunoprecipitated β-synemin, predominantly. Both synemin isoforms were 
co-immunoprecipitated with anti-vinculin antibody.  
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DISCUSSION 
 

We have studied the α and β isoforms of synemin and their roles in the 

development of neonatal cardiac myocytes (NCMs).  Our earlier studies of synemin in 

adult human hearts showed it concentrated at Z-lines and intercalated disks 43.  We report 

here that synemin is also concentrated at the Z-disks and intercalated disks in developing 

rat NCMs. We find both synemin isoforms are expressed during cardiac myocyte 

development, and our data indicates that β-synemin is the predominant isoform. β-

synemin was found to be soluble during development, in contrast to α-synemin which 

was predominantly found in the insoluble pellet. Overexpression of either α- or β-

synemin clearly indicates a preferential localization to these structures for each isoform, 

with α-synemin associating with the sarcolemma and intercalated disks and β-synemin 

with Z-disks. Using siRNA directed against both synemin isoforms, we find that the loss 

of synemin has profound effects on both the association of desmin with the Z-disk and 

the stability of the nascent intercalated disk. Our data highlights the importance of 

synemin in the stability of cellular junctions and the proper organization of desmin 

filaments around the Z-disks.  

We found synemin mRNA to be detectable beginning at embryonic day 16 in rat 

heart tissue.  It is continually expressed through 6 months of age, with an increase in 

expression around postnatal day 3, which coincides with the increased workload and 

subsequent remodeling of the neonate heart 6. Despite this increase in expression, 

synemin mRNA is present at very low levels compared to mRNAs encoding some of its 

known binding partners, such as desmin, α-actinin, and vinculin. At the protein level, an 

early report on the assembly of desmin and synemin heterofilaments proposed that the 
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amount of synemin protein is only 1-2% compared to desmin 30, which is consistent with 

our results. We also found via Western blots that NCMs produce more β-synemin than α-

synemin, consistent with previous reports showing β to be the predominant isoform 

expressed in striated muscle 36, 42. Overexpression of either α- or β-synemin in NCM 

demonstrates that the two synemin isoforms have divergent subcelllular localizations, 

hence the differences in the mRNA and protein levels between the two isoforms could be 

a result of their divergent roles within the cell.  

In NCMs, overexpressing either α- or β-synemin results in distinct subcellular 

distributions for each isoform. Though the main antibody used for immunofluorescence 

was pan-specific to both isoforms, immunostaining following overexpression showed two 

distinct distributions of synemin, and the two staining patterns following overexpression 

of either synemin isoform were both components of the staining pattern found for 

endogenous synemin. Specifically, we found that overexpression of α-synemin resulted 

in a staining pattern closely associated with the sarcolemma of the NCM and the 

developing intercalated disks. Membrane association of synemin was previously reported 

in reactive astrocytes 41 and in particular, α-synemin has been reported to interact directly 

with components of focal adhesions 45, 46. Our results further suggest that α-synemin is 

associated with membrane complexes in NCMs. Staining with an antibody specific to 

endogenous α-synemin confirmed our overexpression results, distinctly labeling cell:cell 

junctions. In contrast, a striated pattern consistent with a Z-line distribution resulted from 

the overexpression of β-synemin, consistent with previous reports on synemin 

distribution in striated muscle 12, 42. Our data in NCMs further suggests that the selective 
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distribution of the two synemin isoforms in NCMs determines what binding partners are 

associated with each isoform in the developing myocyte. 

Synemin can interact with many different proteins depending on the species, 

tissue, and developmental state studied 12, 22, 23, 29, 30, 40, 41, 45, 46, 88, but its ligands in 

developing cardiomyocytes have not yet been identified. We examined the association of 

endogenous synemin with its most prominent binding partners: desmin, vinculin, and α-

actinin. We found that there is little difference in the ability of either α- or β-synemin to 

interact with any of these reported binding partners, as our co-immunoprecipitation 

experiments demonstrate that both isoforms can be co-precipitated with α-actinin, 

vinculin, and desmin (c.f. Fig. 9). However, we did find a preferential association of β-

synemin with α-actinin, which may be important for its selective association with the Z-

disk. Although Hijikata et al 12reported that β-synemin did not co-immunoprecipitate 

with α-actinin in extracts of adult murine skeletal muscle, this discrepancy may be due to 

differences between developing cardiac muscle and adult skeletal muscle, or by the 

possibility that the association of β-synemin with α-actinin is transient.  

Our immunoprecipitation results also show that both synemin isoforms 

preferentially associate with vinculin rather than metavinculin. Previous studies reported 

that both vinculin and metavinculin specifically bound to the α isoform of synemin and 

suggested that this interaction was responsible for the association of α-synemin with focal 

adhesions 46. Our results using endogenous, full-length synemin suggest that β-synemin 

also associates with vinculin in cardiac myocytes, in agreement with earlier reports 

showing that the rod domain of synemin, common to both isoforms, binds vinculin 22. 

Other reported synemin binding partners, such as talin 46, dystrophin 29, and plectin 12 
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may also be important in the distribution of synemin isoforms within the developing 

cardiac myocyte, especially at the intercalated disk.  

In the developing myocyte, α-synemin appears to be important for the stability of 

the intercalated disk. Our evidence indicates that α-synemin is selectively concentrated at 

the sarcolemma and intercalated disks of NCMs, and that in its absence, intercalated 

disks fail to develop. We also found that connexin 43 failed to organize at cell-cell 

junctions, in agreement with previous reports that the formation of gap junctions depends 

on the assembly of adherens junctions 89, 90. Both vinculin and α-actinin 

immunoprecipitate with α-synemin, consistent with their role in the formation of of 

adherens junctions 91-93.  

Recent studies 94-96 have documented the step-wise formation of the intercalated 

disk in both neonatal and adult rat cultured myocytes. In adult rat cardiomyocytes, N-

cadherin is the earliest protein of the intercalated disk to appear as these structures reform 

in culture, well before connexin 43. That we see mislocalized N-cadherin following 

treatment with synemin siRNA suggests that α-synemin is important for the retention of 

N-cadherin at the membrane, perhaps through its ability to interact with other proteins of 

the adherens junctions and desmosomes, such as desmin and plectin 12, or through its 

activity as an AKAP 43. As neither α-actinin nor vinculin were altered following synemin 

knockdown, changes in their association with synemin are not likely to account for the 

phenotype induced by siRNA. However, following siRNA treatment, we found that 

membrane-associated plectin no longer localized to discrete cell:cell junctions, and 

furthermore, did not co-localize with membrane-associated desmin, implying that the role 

of α-synemin at the membrane may indeed be to assist in the development of the 
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junctions by mediating the binding between plectin and desmin. Consistent with this 

hypothesis, we found via selectively solubilizing proteins prior to immunofluorescence 

that both synemin and desmin were retained in the cell, particularly along the 

sarcolemma. Disruption of the junctions of the intercalated disk has been associated with 

cardiac arrhythmogenesis and sudden death (reviewed in Li et al 97), and the potential 

role in α-synemin in stabilizing these structures is likely to be of physiological 

significance.  

 Conversely, overexpression of β-synemin in developing cardiomyocytes 

demonstrated that β-synemin is predominantly associated with the developing Z-disk. Its 

presence in the soluble fraction of NCM lysates, paired with our previous report showing 

that synemin organizes at the Z-disk prior to desmin 43, further implies that at this stage 

of myocyte development, β-synemin is most likely not associated with insoluble desmin 

filaments. We did, however, find a preference for β-synemin interactions with α-actinin 

via co-immunoprecipitation, and as α-actinin is an early marker for Z-disk organization, 

β-synemin may interact with α-actinin prior to interacting with desmin. This, along with 

our studies following knockdown of synemin, suggests that β-synemin, anchored by α-

actinin, is responsible for the organization of desmin at the Z-disk. An earlier study on 

the formation of synemin:desmin heterofilaments found that purified avian synemin 

bound to preformed desmin filaments 32, which may explain how β-synemin at the Z-disk 

interacts with desmin filaments. Earlier proposals also suggested that components of the 

desmin IFs and the Z-disk mediate the redistribution of desmin from longitudinal to 

transverse structures 98, and that synemin crosslinks individual desmin filaments to each 

other 99 and to the Z-disk 22, 23. Our data supports the role of synemin as a crosslinker for 
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desmin filaments to the Z-disk. Exactly how synemin regulates the organization of the 

desmin filaments in the NCM is unknown, but the PKA localized by β-synemin has the 

potential to be a regulator of intermediate filament dynamics, and may be important for 

the association of the desmin filament network with the Z-disk and membrane-associated 

complexes. Our proposed role for β-synemin is similar to that recently proposed for the 

large cytolinker, plectin 100, 101. In muscle lacking plectin, desmin fails to assemble 

around Z-disks and instead forms cytoplasmic aggregates87. Synemin’s association with 

the Z-disk was also disrupted, consistent with the direct binding of plectin-1 to β-synemin 

12. We found that the association of plectin with the Z-disk was unaffected by synemin 

knockdown, making it likely that both proteins act in concert to organize desmin IFs at 

the Z-disk.  

In summary, synemin is required for both the organization of the desmin 

filaments around Z-disks and the stability of intercalated disks. Our results support the 

proposed role of synemin as a direct link between desmin filaments, the contractile 

apparatus, and the membrane 22, and our data indicate that the association of synemin 

with the sarcolemma and with the contractile apparatus is mediated by two different 

isoforms, α and β, respectively. Studies are in progress regarding synemin’s role in 

developing skeletal muscle, and how its AKAP activity influences morphogenesis and 

regulation of striated muscle. 
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CHAPTER 3: ORGANIZATION OF SYNEMIN IN SKELETAL MUSCLE IS 
DEPENDENT ON DESMIN AND KERATIN 19 

 

INTRODUCTION 
 

A major component of the cytoskeleton of striated muscle is the intermediate 

filament (IF) network, which is thought to mediate mechanical stress and force 

transduction 15. Comprised predominantly of desmin, the IF network of striated muscle 

also includes nestin, expressed during development 20, synemin 21-24, and keratins 19, 25-27. 

Together, this network organizes around the contractile apparatus at both the Z-disk and 

M-band, and connects the contractile machinery of the cell to the outer sarcolemma 

through interactions with the dystrophin-associated protein complex (DAPC)22, 28, 29. 

Desmin has been implicated in a number of myopathies in both cardiac and 

skeletal muscle 5, 10, 18. Its role has been studied in mice lacking desmin through 

homologous recombination. In these mice, the alignment of neighboring Z-disks of the 

contractile apparatus is lost 3, 6, 7, the sarcolemmal costameres are disorganized 7, 19, and 

the contractile function is compromised 4, 7, 16. Abnormal mitochondrial accumulation and 

calcification occurs in cardiac muscle lacking desmin 6, 9, and as the mouse ages, the heart 

is susceptible to hypertrophy and cardiac dilation 6. Thus, desmin plays an important role 

in the normal function of both cardiac and skeletal muscles.  

However, our recent work has begun to highlight and characterize the importance 

and role of other IFs in muscle, in particular, keratin-based IFs comprised of keratin 8 

(K8) and keratin 19 (K19) 19, 25, 26. The absence of K19 in skeletal muscle leads to 

phenotypes that resemble those seen in desmin-null muscle in some ways, including 
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disorganization of costameres, an increase in the distance between the sarcolemma and 

the nearest myofibril, and an abnormal accumulation of subsarcolemmal mitochondria 7, 

27, suggesting that both desmin- and keratin-based IFs contribute to the maintenance and 

organization of these structures.  Consistent with some of these findings, muscles from 

mice lacking both desmin and K19 show more severely disrupted costameres, more 

highly misaligned myofibrils and greater susceptible to injury 7. Desmin and keratins also 

possess some unique, and in some instances, antagonistic roles within striated muscle, 

however.  For example, the large sarcolemmal gap found between the membrane and the 

nearest myofibrils in the K19 knockout was reduced when desmin was also missing, and 

the abnormal subsarcolemmal accumulation of mitochondria seen in the individual 

desmin and K19 knockouts was ameliorated in the double knockout 7. These results led 

us to consider other IF proteins in striated muscle, such as synemin, that may contribute 

to both the additive and the antagonistic roles of desmin and keratins.  

Previous studies of synemin in skeletal muscle from desmin-null mice showed 

that synemin fails to associate with the Z-disk, but that it localized to the sarcolemma as 

in WT 102. A detailed study of synemin’s association with the various costameric domains 

was not performed, however.  Here we show that synemin associates with all costameric 

structures and that the loss of desmin ablates that association. Furthermore, we report for 

the first time an association of synemin with the M-band in a K19-dependent manner. In 

contrast, we find that desmin is required for the accumulation of synemin at the Z-disk. 

Together, these data highlight the interplay between the intermediate filament 

cytoskeletons of striated muscle and other structures, such as the sarcomere and 

sarcolemma, through synemin, an intermediate filament and probable cross-linker. The 
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variant effects of the keratin- and desmin-based networks on the localization of synemin 

to these structures suggest that synemin may play a role in the divergent actions of these 

intermediate filament networks in muscle structure and function. 
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MATERIALS AND METHODS 
 

Animals 

We used 3- to 6-month-old FVB mice (wild type, WT) and mice of the same 

strain that were homozygous for null mutations in either the desmin, keratin 19, or keratin 

8 genes, as well as a double null mutation in both desmin and keratin 19, introduced by 

homologous recombination 7. 

Tissue for Immunofluorescence 

Animals were anesthetized and perfusion fixed, and the tissue was dissected and 

processed, exactly as described 103. Frozen, longitudinal sections of the tibialis anterior 

(TA) muscles were prepared and collected on glass slides 103. 

Myofiber Preparation 

Animals were anesthetized and FDB muscles were harvested bilaterally from the 

mice. Single myofibers were enzymatically isolated in DMEM with 2% BSA, 1 µl/ml 

gentamicin, and 2 mg/ml type IV collagenase (Gibco, Life Technologies, Grand Island, 

NY) for 2 h at 37°C. Myofibers were plated on GelTrex-(Invitrogen, Life Technologies) 

coated glass coverslips and incubated at 37C for 12-24 h before fixation. 

Antibodies 

Rabbit anti-synemin antibody was a generous gift of Dr. R. Robson (Iowa State 

University, Ames, IA) and was used at a dilution of 1:100 for immunofluorescence and 

1:2000 for immunoblotting. Chicken anti-β1-spectrin was purified from egg yolk as 
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previously reported 104 and was used at a dilution of 1:50 for immunofluorescence. 

Monoclonal antibodies against α-actinin (Clone EA-53, Sigma-Aldrich, St. Louis, MO), 

myc (Invitrogen) were used at a dilution of 1:500. Monoclonal antibodies against keratin 

19 (Sigma-Aldrich, St. Louis, MO) were used at a dilution of 1:50. 

Secondary antibodies for immunofluorescence were purchased from Invitrogen 

and included goat-anti-mouse, goat-anti-rabbit, and goat-anti-chicken. They were 

conjugated to either AlexaFluor 488 or 568 and used at a dilution of 1:100. 

Fluorescent Immunolabeling 

Sections were incubated in PBS/BSA (PBS containing 1mg/ml BSA and 10mM 

NaN3) for 1 hr to reduce non-specific binding. Sections were then placed in primary 

antibody in PBS/BSA for 2 hr at room temperature or overnight at 4ºC. Samples were 

washed with PBS/BSA and incubated for 2 hr at room temperature with AlexaFluor 

conjugated secondary antibodies diluted in PBS/BSA. Following further washing, 

samples were mounted using VectaShield (Vector Labs, Burlingame, CA). Slides were 

observed with either a Zeiss 410 confocal laser scanning microscope (Carl Zeiss, Inc., 

Tarrytown, NY) equipped with a 63x, NA 1.4 plan-apochromatic objective, or a Zeiss 

510 confocal laser scanning microscope (Carl Zeiss, Inc.) equipped with a 63x, NA 1.4 

plan-apochromatic objective with pinholes adjusted to 1 Airy disk unit. Images were 

collected and stored with software provided by Zeiss.  

To generate figures, images were arranged into montages, labeled, and given scale 

bars with Adobe Photoshop CS4 (Adobe Systems, Inc., San Jose, CA). No other 

processing was used for any of the images.  
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For generation of fluorescence profiles, ImageJ (National Institutes of Health, 

Bethesda, MD) was used to draw a 10 pixel line placed directly over 3 Z-disks, and 

relative pixel intensity was measured. Intensities were graphed using SigmaPlot (Systat 

Software, Chicago, IL).  

SDS-PAGE and Immunoblotting 

TA muscles perfused with buffered saline were dissected and snap frozen. Bellies 

of the frozen TA muscles were ground in a mortar and pestle and treated with MPERS 

(Invitrogen) lysis buffer, supplemented with 35 mM EDTA, 126 mM NaCl, and 10mM 

protease inhibitors (Complete Protease Inhibitor Cocktail, Roche Diagnostics, 

Pleasanton, CA) to solubilize samples. Samples were subjected to centrifugation at 

12,000 rpm for 20 min at 4⁰C to separate soluble from insoluble fractions. Aliquots of the 

lysates containing 40µg protein were boiled in SDS-PAGE sample buffer, analysed on 4-

15% SDS-PAGE gels (Invitrogen) and transferred to nitrocellulose membranes 

(Invitrogen). Synemin was labeled with rabbit anti-synemin antibody, followed by a goat 

anti-rabbit HRP secondary antibody (GE Life Sciences, Piscataway, NJ) and visualized 

by chemiluminescence (PicoWest ECL, Pierce, Life Technologies). 

Electroporation of TA Muscle 

In vivo gene transfer via electroporation was performed as follows (adapted from 

Aihara et al 105). Mice (Desmin KO, K19 KO, Desmin/K19 double KO) were 

anesthetized with isofluorane prior to and during the procedure. For each tibialis anterior 

(TA) muscle, 80ug of plasmid DNA (1ug/ul concentration) were injected into the TA 

through the skin. Electroporation paddles were placed on the outside of the skin on either 
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side of the TA. 200 V/cm was applied in 5 pulses of 20ms each, with 200ms between 

each pulse using an ECM® 830 Square Wave Pulse generator (Harvard Technologies, 

Holliston, MA). Mice were allowed to recover for 4 weeks prior to sacrifice. 

Electroporation of FDB Fibers 

In vivo gene transfer via electroporation into flexorum digitoris brevis (FDB) 

fibers was performed as follows (adapted from Di Franco et al 106) Mice (Desmin KO, 

K19 KO, Desmin/K19 double KO) were anesthetized with isofluorane prior to and during 

the procedure. For each flexorum digitorus brevis (FDB) muscle, 8 units of hyaluronidase 

(diluted in 10µl sterile saline) were injected under the skin on the ventral surface of the 

hind paws. Mice were then allowed to recover for 2 hours prior to electroporation. At the 

time of electroporation, 20µg of plasmid DNA (1µg/µl concentration) were injected 

subcutaneously in the same location.  Electrodes were placed through the skin next to the 

distal and proximal tendons of the FDB fiber, and 150V/cm was applied in 20 square 

pulses of 20ms each with a frequency of 1Hz using a S48 square pulse stimulator (Grass 

Technologies, West Warwick, RI). Mice were allowed to recover for 1 week prior to 

sacrifice. 

Materials 

Unless otherwise stated, all materials were purchased from Sigma Chemical Co. 

and were the highest grade available. 
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RESULTS 
 

Localization of synemin in mouse wild type tibialis anterior muscle 

Prior to characterizing the effects on the loss of keratin and desmin filaments on 

the organization of synemin in tibialis anterior (TA) muscle, we asked where synemin 

was organized in wild type (WT) muscle. In particular, we were interested in discerning 

whether synemin localized to costameres, as previous reports suggested synemin was 

present at the sarcolemma 12, 46 and was able to interact with the costameric proteins 

dystrophin, utrophin 29 and α-dystrobrevin 107.  

To begin, we immunostained for synemin at the myofibrilliar level, utilizing 

antibodies generated against α-actinin to label the Z-disks.  Consistent with earlier reports 

21, 30, 42, we find synemin predominantly associated with the Z-disk (Fig. 14A’, blue 

arrows). In our hands, synemin also concentrated midway between adjacent Z-disks, at 

the position of M-bands (Fig. 14A’, red arrows). A 10 pixel-wide fluorescence profile of 

3 sarcomere lengths was generated using ImageJ (Fig. 14B). The profile demonstrated 

that, as expected, α-actinin signal localized to periodic peaks at the level of the Z-disk. 

Synemin staining localized predominantly to the Z-disk, but there were also smaller 

peaks in between each Z-disk, consistent with M-band localization. We also 

immunostained cross-sections of WT TA muscle for synemin and α-actinin, to confirm 

synemin’s localization around the sarcomere (Figure 14C).  
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Figure 14: Synemin localization in wild type (WT) tibialis anterior (TA). 

(A, A’, A’’) Longitudinal sections of TA muscle were stained with antibodies against α-
actinin (A) and synemin (A’’) to examine the localization of synemin to the contractile 
apparatus. Synemin localized to the Z-disk (blue arrow) and the M-band (red arrow). An 
overlay image is shown in A’’ .  A 10 pixel-wide fluorescence profile of three sarcomeres 
is shown in B. Cross sections of TA muscle were stained with antibodies against α-
actinin (C) and synemin (C’) to examine the localization of synemin around the 
contractile apparatus. (C) α-actinin localizes to the Z-disk. (C’)  Synemin localizes around 
the Z-disk in a reticular pattern. (D, D’D’’)  Longitudinal sections of TA muscle were 
stained with antibodies against β-spectrin (D) and synemin (D’’). Three costameric 
domains were visualized and are highlighted in the insets as follows: Z-domains (blue 
arrow), M-domains (red arrow), and longitudinal (L-) domains (orange arrow). Synemin 
localized to all three domains as highlighted in the inset of panel A’. Scale bars = 10µm 



 
 

~ 60 ~ 

 

Using longitudinal sections of WT TA muscle, we immunostained the membrane 

costamere using β-spectrin, which was previously shown to label three costameric 

domains: (1) Z-domains, which overlay the myofibrillar Z-disk, (2) M-domains, which 

overlay the myofibrillar M-line, and (3) L-domains, which run longitudinally along the 

myofiber 103. We found that synemin localizes to all three costameric domains in WT 

muscle (Fig. 14D’), consistent with the idea that synemin is capable of interacting with 

proteins at all three of these sarcolemmal domains.  

Localization of synemin near the contractile apparatus in muscle lacking desmin 

and/or keratins 

We next asked whether synemin’s organization at either the Z-disk or the M-

band, as seen in the wild type (c.f. Fig. 14), was due in part to either the keratin or desmin 

IF networks. We used longitudinal sections of TA muscle, stained with α-actinin and 

synemin, for these experiments.  

 In TA muscle lacking keratin 8 (K8), synemin localized to the Z-disk, as labeled 

with α-actinin (Fig. 15A), and the M-band (Fig. 15A’) as in the wild type (c.f. Fig 14B). 

A fluorescence profile of the localization of both α-actinin and synemin is shown in Fig. 

15B. When the TA of a keratin 19 (K19) knockout was stained for α-actinin and synemin, 

we found that both synemin and α-actinin remained organized at the level of the Z-disk, 

but synemin staining corresponding to the M-band was reduced (Fig 15C, C’, C”). We 

had previously found that K19 was associated predominantly at the Z-disk as well as with 

the M-band 25. These results suggest that synemin and K19 are both  
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Figure 15: Localization of synemin around the contractile apparatus in TA muscles 
lacking desmin and keratin 

Longitudinal sections of TA muscle were stained for α-actinin (A, C, E, G) and synemin 
(A’, C’, E’, G’). (A, A’, A’’)  In K8 null TA, synemin organization is normal compared to 
wild type. (B) A fluorescence profile of the blue line shown in the inset of panel A’’ 
demonstrates synemin staining at both the level of the Z-disk and M-band. (C, C’, C’’)  In 
K19 null TA, synemin organization at the Z-disk remains normal compared to α-actinin, 
while the M-band associated synemin is reduced. (D) A fluorescence profile of the blue 
line shown in the inset of panel C’’ demonstrates a loss of synemin staining at the M-
band. (E, E’, E’’)  Synemin organization in desmin-null TA is greatly reduced at the level 
of the Z-disk, while M-band associated synemin is retained. This is demonstrated in the 
fluorescence profile (F) of the blue line shown in the inset of panel E’’. (G, G’, G’’)  
Desmin/K19 double knockout TA demonstrates little synemin organization at either the 
Z-disk or the M-band. (H) A fluorescence profile of the blue line in the inset of panel G’’ 
demonstrates the lack of synemin organization. Scale bars = 10µm. 
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associated with the M-band, and furthermore, that synemin requires K19 to localize to 

that structure. 

We next addressed the role of desmin in the localization of synemin around the 

contractile apparatus by labeling frozen sections of desmin-null TA muscle for α-actinin 

and synemin. Similarly to previous reports 102, we found that the loss of desmin disrupted 

the organization of synemin at the Z-disk (Fig. 15E, E’, E”). However, the synemin 

associated with the M-band was not affected by the loss of desmin, as evidenced by the 

fluorescence profile shown in Fig. 15F.  We also examined the organization of synemin 

at the myofibrils in the desmin/K19 double knockout (DKO) TA (Fig. 15G, G’, G”). 

Though the Z-disk appeared to remain intact (Fig. 15H), there was little synemin 

organization found at either the Z-disk or the M-band, consistent with our results from 

the individual knockouts.  Together, these data suggest that the localization of synemin to 

the Z-disk is dependent on the presence of desmin, while the presence of K19 results in 

the association of synemin with the M-band. 

Localization of synemin to the costamere in muscle lacking desmin and/or keratins 

 Having localized synemin to all three costameric domains in wild type (WT) 

mouse skeletal muscle (c.f. Figure 14D), we asked whether the loss of desmin, keratin 19 

(K19), keratin 8 (K8), or both desmin and K19 (DKO), resulted in a change in synemin’s 

distribution at the sarcolemma. As before, longitudinal sections of TA muscle from IF 

knockout mice were stained for β-spectrin and synemin.  
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Figure 16: Costameric localization of synemin in TA muscles lacking desmin and 
keratin filaments. 

Longitudinal sections of TA muscles were stained for β-spectrin (A, B, C, D) or synemin 
(A’, B’, C’, D’). In TA muscles lacking either K8 (A, A’, A’’) or K19 (B, B’, B’’) 
costameric organization of synemin is normal. Desmin-null TAs have highly disrupted 
costameres (C) and synemin does not localize to any of the costameric domains and has 
reduced, punctuate staining (C’). Double KO costameres are also high disorganized (D) 
and synemin does not localize to the costamere (D’). Overlay images of the above are 
shown in A’’, B’’, C’’, and D’’. Scale bars = 10µm 
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 We found very little disruption of the sarcomere in the K8 knockout TA, as 

evidenced by the normal distribution of β-spectrin (Fig. 16A). The staining of synemin in 

the K8 knockout was also comparable to that seen in the WT (Fig. 16A’), suggesting that 

K8 has little effect on either the organization of the costamere or on the distribution of 

synemin to the costameric domains. Similarly, the loss of K19 had only moderate effects 

on the organization of costameres (Fig. 16B) as we previously reported 27. Furthermore, 

the effect of the loss of K19 on synemin’s distribution at the costamere was limited, as 

synemin remained localized to the costamere and retained significant co-localization with 

β-spectrin (Fig. 16B’, 16B’’), suggesting that the association of synemin with the 

costamere is not dependent upon the keratin filaments.  

 Previous reports on the effect of the desmin-null mutation on the distribution of 

synemin focused on the organization of synemin at the myofibrillar level 102. Here, we 

asked if synemin’s organization at the costamere would be affected by the loss of the 

desmin filament network. Consistent with our earlier work 19, we found the costameres of 

desmin-null TA muscles were severely disrupted, as indicated by the staining pattern of 

β-spectrin (Fig. 16C). Compared to the WT costamere, the staining pattern of synemin 

was disrupted, with much less of the protein evident at the sarcolemma than in either the 

WT or K19-null (Fig. 16C’). Some punctate synemin staining was observed at the 

costamere but did not appear to be associated with any structure. The loss of costameric 

synemin was nearly complete in TA muscle from DKO mice (Fig 16D’), further 

suggesting that synemin’s association with the costamere is desmin-dependent. 
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Figure 17: Loss of IF affects the solubility of synemin. 

TA muscles from wild type and KO mice were homogenized and separated into two 
fractions: soluble and insoluble, which were analysed on SDS-PAGE gels and then 
immunoblotted with a rabbit polyclonal antibody against synemin. WT lysates have 
synemin in both soluble and pellet fractions. All bands were scanned in a densitometer; 
their intensities were normalized to WT. A. Soluble fractions of lysates show an increase 
in soluble synemin in the desmin KO and desmin/K19 double KO. There is a decrease in 
soluble synemin in the K19 knockout. B. In the pellet fractions, there is a corresponding 
decrease in synemin in the desmin KO and the desmin/K19 double KO. There is also a 
corresponding increase in synemin in the insoluble fraction of the K19 KO lysates. 
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Effects of the loss of IF networks on the solubility of synemin  

 We next asked whether the loss of desmin or K19 resulted in a decrease in the 

total amount of synemin protein in the muscle cells, resulting in the decrease in synemin 

sarcomeric and costameric staining we found in the IF knockout muscle. We solubilized 

TA muscles from WT, K19, desmin, and desmin/K19 (DKO) knockout mice, and 

fractionated the resultant lysates into insoluble pellet and soluble supernatant via 

centrifugation. We easily found a band corresponding to β-synemin (180 kDa) in mouse 

TA muscle, consistent with other reports 12, 42. The β-synemin protein appears in both the 

soluble and insoluble pellet fractions of WT TA muscles (Fig. 17). The loss of desmin 

from the TA results in a decrease in the insoluble fraction of β-synemin with a 

corresponding increase in the soluble fraction (Fig. 17). Conversely, in K19-null TA 

muscles, insoluble β-synemin increases as synemin in the soluble fraction decreases (Fig. 

17). The soluble fraction of synemin also increased compared to the insoluble fraction in 

the skeletal muscle lacking both desmin and K19, leaving almost no detectable insoluble 

synemin (Fig. 17).  

Reintroduction of desmin into the desmin KO TA, or K19 into the K19 KO, rescues 

synemin organization 

As our Western blot analysis suggested that total synemin protein was unchanged 

in the various intermediate filament knockout mice, we next asked whether we could 

rescue synemin organization around the Z-disk by reintroducing desmin into the TA 

muscle. We created a desmin construct tagged with a myc epitope and reintroduced the 

cDNA plasmid into the TA muscle using in vivo electroporation. At 4 weeks after 
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electroporation, we collected muscle tissue and processed it for immunofluorescence. 

Staining for either desmin or myc, we identified sections of the TA muscle that were 

expressing the desmin construct (Fig. 18A). In sections labeled for exogenous desmin, we 

found that synemin was organized around the Z-disk (Fig 18A’), suggesting that the 

expression of desmin is sufficient to restore the ability of synemin to localize at the level 

of Z-disks.  

We performed a similar experiment by electroporating a myc-tagged human K19 

construct into K19-null muscles.  We confirmed the expression of K19 by 

immunostaining for either myc or K19. In fibers positive for K19 (Fig 18B), synemin 

concentrated at the level of the M-band (Fig. 18B’), suggesting that K19 is sufficient to 

restore the ability of synemin to localize appropriately to the M-band. 

We also examined the ability of exogenous desmin or K19 to restore the 

distribution of synemin in DKO muscles.  After electroporation into DKO TA muscles, 

exogenous desmin concentrated predominantly at the level of Z-disks, but was also 

present at much lower levels at M-bands (Fig. 19A). In those muscle fibers, synemin 

staining was restored at both Z-disks and M-bands, although it was predominantly at the 

level of Z-disks (Fig. 19A’). This suggests that the expression of desmin alone is 

sufficient to restore nearly normal targeting of synemin.  

In contrast, the expression of K19 in DKO muscles resulted in a similar staining 

pattern for K19 as we saw for desmin, namely a predominant staining of K19 at the level 

of Z-disks and lower amounts associated with M-bands (Fig. 19B). This is consistent  
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Figure 18: Reintroduction of either desmin or K19 restores synemin organization at 
the Z-disk or M-band, respectively. 

Longitudinal sections of mouse TA muscle were stained with anti-myc (A) or for K19 
(B) and synemin (A’, B’). (A, A’, A’’)  Following electroporation with cDNA encoding 
myc-desmin, desmin-null TA shows normal desmin organization around the Z-disk (A). 
Synemin organization in these muscles is also around the Z-disk and M-band (A’). An 
overlay is shown in A’’. (B, B’, B’’)  Following electroporation with cDNA encoding 
myc-K19, K19-null TA shows a normal staining pattern for K19 around the Z-disks, with 
some M-band staining (B). Synemin organization in these muscles is also around the Z-
disk and M-band (B’). An overlay is shown in B’’. Scale bars = 10µm. 
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with our previous results on the distribution of K19 in wild type muscle cells 27. Unlike 

our results with desmin, however, restoration of K19 did not restore the normal targeting 

of synemin. Instead, synemin in DKO fibers transfected with K19 targeted primarily to 

M-bands, with much lower levels associated with Z-disks (Fig. 19B’; merged image, Fig. 

19B”). This suggests that the overexpression of K19 preferentially restores synemin to its 

location around M-bands, rather than Z-disks.  

Synemin organization at the sarcolemma can be restored by overexpression of desmin 

in FDB fibers 

Although electroporation allowed us to examine the role of desmin and K19 in 

targeting synemin to the contractile apparatus of TA myofibers, in our hands, we find that 

the procedure irreparably damages the costameres 108, making it difficult to assess the 

ability of exogenous desmin or K19 to restore synemin to those structures. To test our 

hypothesis that desmin is primarily responsible for the targeting of synemin to costameres 

at the sarcolemma, we opted to use electroporation of the flexorum digitoris brevis (FDB) 

fibers of the mouse foot, which in our hands does not result in the extensive membrane 

damage seen in the TA.  

To confirm that the localization of synemin in FDB fibers was similar to its 

localization in the TA muscle, we performed immunofluorescence for synemin and β-

spectrin. As expected, synemin localized to both the Z-disk and M-band in WT FDB 

fibers (Figure 20A), though the association of synemin with the M-band was more 

difficult  
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Figure 19: Synemin organization in the desmin/K19 double KO TA following 
reintroduction of either desmin or K19. 

TA muscles of mice lacking both desmin and K19 were electroporated with plasmid 
encoding either desmin (A, A’, A’’) or K19 (B, B’, B’’). Longitudinal sections were 
stained with anti synemin (A’, B’) and either anti-desmin (A) or anti-myc (B) antibodies.  
(A, A’, A’’) Following electroporation, desmin localizes predominantly to the Z-disk 
(large arrows) with some M-line organization (small arrows) (A). Synemin organizes 
predominantly to the Z-disk with some M-line organization (A’). An overlay image is 
shown in A’’. (B, B’, B’’) Following electroporation, K19 localizes predominantly to the 
Z-disk with some M-line organization (B). Synemin organizes predominantly to the M-
line with some Z-disk organization (B’), unlike the organization seen with the over 
expression of desmin in B’. An overlay is shown in B’’. Scale bars = 10µm. 
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to detect than in the TA. The loss of K19 did not affect the association of synemin with 

the Z-disk but did reduce synemin staining at the M-band (Figure 20B). Fibers isolated 

from desmin or DKO mice showed disrupted synemin staining at the Z-disk, though 

synemin staining was not completely abated (Figure 20C, 20D). The potential association 

of synemin with the M-band in desmin-null fibers was not able to be assessed.  

Similarly, we found that synemin localized to all of the costameric domains in the 

FDB fibers of WT mice (Figure 21A). Fibers from K19 KO mice were found to have 

slightly disrupted costameres, as in the TA, and synemin localized to the costameric 

domains (Figure 21B). Synemin’s localization to the costamere, however, was not 

retained following the loss of desmin in either desmin-null or DKO fibers (Figure 21C, 

21D), as we found in the TA muscle.  

To assess whether the reintroduction of desmin would be sufficient to restore 

synemin to the costamere, we electroporated the myc-tagged desmin construct described 

previously into desmin-null FDB fibers. A week after electroporation, we isolated single 

fibers from the FDB muscle and performed immunofluorescence. Approximately 30% of 

fibers showed positive staining for desmin. Staining for synemin and β-spectrin (Fig. 22) 

demonstrated that, though complete organization of the costamere was not obtained by 

the reintroduction of desmin, synemin organization at the membrane was greatly 

improved, suggesting that the localization of synemin to the costamere is at least partly 

dependent on the expression of desmin. 
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Figure 20: Organization of synemin in flexorum digitoris brevis (FDB) fibers. 

FDB fibers from WT (a, a’, a’’), K19 KO (b, b’, b’’), desmin KO (c, c’,c’’), and 
desmin/K19 double KO (d, d’, d’’) mice were immunolabeled for b1-spectrin (a, b, c, d) 
and synemin (a’, b’, c’, d’). In WT FDB (a, a’, a’’), synemin organizes at the level of the 
Z-disk and the membrane (a’’, inset). Synemin organization is retained in K19 KO FDB 
(b, b’, b’’). The loss of desmin from the FDB fiber (c, c’, c’’) results in a decrease in 
synemin organization at the Z-disk and no synemin at the membrane (c’’, inset). Similar 
results are seen in the desmin/K19 double knockout (d, d’, d’’). Scale bars = 10µm. 
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Figure 21: Organization of synemin in flexorum digitoris brevis (FDB) fibers. 

FDB fibers from WT (a, a’, a’’), K19 KO (b, b’, b’’), desmin KO (c, c’,c’’), and 
desmin/K19 double KO (d, d’, d’’) mice were immunolabeled for b1-spectrin (a, b, c, d) 
and synemin (a’, b’, c’, d’). In WT FDB (a, a’, a’’), synemin organizes at the membrane 
at the level of the Z-disk with some longitudinal structures. K19 KO FDB (b, b’, b’’) 
have disrupted membranes with slightly disrupted synemin organization. In desmin KO 
FDB (c, c’, c’’), the disrupted costameres show reduced and disorganized synemin. 
Desmin/K19 double KO FDB fibers (d, d’, d’’) also demonstrate disorganized costameres 
with reduced synemin organization. Scale bars = 10µm 
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Figure 22: Restoration of desmin in FDB fibers restores synemin organization at the 
costamere. 

FDB fibers of desmin KO mice were electroporated with cDNA encoding myc-desmin. 
One week post-electroporation, single fibers were isolated from the FDB and stained for 
synemin (A) and β-spectrin (B). Though complete restoration of the costamere is limited 
(as indicated by β-spectrin, B), synemin is present in distinct domains at the costamere 
(A). An overlay is shown in C. Scale bars = 10µm. 
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DISCUSSION 
 

 We have studied the effects of the desmin- and keratin-based intermediate 

filament networks on the organization and localization of synemin in skeletal muscle. 

Our earlier studies in neonatal cardiomyocytes suggested that the two synemin isoforms, 

α and β, localized to the intercalated disk and Z-disk, respectively 109. Here, we find that 

in wild type skeletal muscle, synemin localizes to the Z-disk, M-line and membrane 

costamere. The association of synemin with these structures in adult tissue is highly 

dependent on the expression of other intermediate filaments, in particular keratin 19 

(K19) and desmin (Figure 23). We find that synemin associates with the Z-disk and 

costamere only in the presence of desmin, while K19 expression is responsible for the 

association of synemin with the M-line.  

Previous work found that the loss of K19 and/or desmin resulted in differing 

muscle phenotypes, as suggested by variant disruptions of the muscle costamere, 

divergent accumulations of subsarcolemmal mitochondria, and decreasing muscle 

function 7. Our findings here imply that desmin and keratins can also affect the 

localization of other intermediate filament network components such as synemin, which 

may cause or be a result of the different phenotypes found in the intermediate filament 

knockout mice. Our data highlights the divergent roles the intermediate filament 

networks of skeletal muscle play in the normal organization of the cytoskeleton, and 

describes for the first time a potential interaction between the keratin filaments and 

synemin at the M-line of striated muscle.  

  



 

 

 

Figure 23: Model of synemin localization in skeletal muscle.
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: Model of synemin localization in skeletal muscle. 
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 Earlier reports found that synemin can only form filaments in concert with 

desmin, resulting in heteropolymeric structures that encircle the contractile machinery 

and link to the sarcolemma 22. Hence, the loss of desmin should pair with a loss of 

synemin, as was previously suggested 102. However, our data suggests that synemin also 

interacts with the keratin-based filament network of striated muscle, as the loss of desmin 

protein only partially affects the organization of synemin. Comparatively, the loss of K19 

affected synemin organization less than did the loss of desmin. Synemin remained 

organized at both the costamere and the Z-disk in K19-null tissue, while it was lost from 

both of those structures in the desmin-null. This suggests that, while the keratin filament 

network can interact with synemin, the majority of the synemin in striated muscle is 

associated with desmin and desmin-associated structures, such as the costamere. This is 

consistent with our previous reports on histopathology and physiology of both the desmin 

and keratin knockout mice which found that desmin was the predominant intermediate 

filament involved in maintaining muscle structure 7 as well as earlier studies detailing the 

dependence of synemin on desmin for its organization 23, 30, 35, 38. 

 The association of synemin with the M-line through an interaction with the 

keratin-based filament network is an intriguing result. The association of intermediate 

filaments with the M-line is a relatively new area of study, and prior to this report, only 

keratins 8 and 19 had been found associated with M-line structures 19, 25, 28. Here, we 

report that synemin can also be found at the M-line, and that the association of synemin 

with the M-line is dependent upon K19. An earlier study on synemin’s ability to associate 

with other members of the intermediate filament family hinted at a possible association of 

synemin with keratins, in particular K5 and K6 35. Though both of these keratins are Type 
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II, we did not find that the loss of K8, the Type II keratin known to associate with K19 in 

striated muscle, affected the organization of synemin, suggesting that the interaction of 

synemin at the M-line is dependent upon K19 itself. Whether this interaction between 

synemin and K19 is direct or mediated by a protein capable of interacting with both 

proteins, such as actin 28, 35, is unknown. 

 Though the cytoskeletal M-line organization of synemin was dependent on the 

expression of K19, we did not find that the association of synemin with the costamere 

was dependent on the keratin filament network. This was an unexpected result, 

considering our earlier report demonstrating that the ablation of K19 resulted in a 

selective loss of the costameric M-line domain 27. Synemin’s ability to associate with 

other members of the costamere, such as α-dystrobrevin 107, vinculin 22, 46, 109, and talin 45 

may be responsible for the association of synemin with the M-line domains, rather than 

an interaction of synemin with dystrophin-bound K19. We did find that synemin only 

associated with the costamere when desmin was expressed, suggesting that the 

localization of synemin near its binding partners at the costamere involves a desmin-

based mechanism. Many of the costameric proteins, including members of the dystrophin 

complex and integrins, associate with the desmin-based intermediate filament network of 

striated muscle through plectin, talin, and vinculin. As synemin is capable of associating 

with many of these, it may act as another linkage between desmin filaments and the 

sarcolemma as previously hypothesized 22. Desmin may be required to recruit synemin to 

these sarcolemmal structures, or the continued association of synemin with the 

sarcolemma may be dependent on its ability to bind and link the desmin filament network 

to the costamere. Our results from electroporating and expressing exogenous desmin in 
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desmin-null FDB fibers implicate the former to be true: that desmin is required to recruit 

synemin to the sarcolemma, though the data is neither exclusionary nor conclusive in 

regards to mechanism. 

 Following the ablation of desmin, we did not find a significant change in synemin 

protein expression. Rather, we found that synemin became more soluble when desmin 

was not present in the muscle tissue. As synemin is an obligate heterpolymer with Type 

III intermediate filaments, such as desmin 21, 30, 38, 110, 111, the increase in synemin 

solubility suggests that synemin in the desmin-null and DKO tissue is not forming 

insoluble filaments. This implies that the synemin associated with the M-band, and 

hence, K19, is not filamentous, but associates more transiently with this structure. 

Congruent with this logic, we found synemin to be less soluble upon the loss of K19, 

suggesting that the K19 filament network can sequester a population of soluble synemin 

which can form heteropolymeric filaments with desmin when K19 is not present. Why 

synemin associates with the structures at the M-band, or how it associates with the K19 

filament network is a subject of future study. Our data also reflects only β-synemin, as α-

synemin is difficult to quantitate in skeletal muscle due to its low expression levels 42, 109. 

Similarly to cardiac myocytes, α-synemin may have differential solubility and 

localization compared to β-synemin. 

 We found that exogenously expressing either desmin or K19 in muscle lacking 

the individual filaments restored synemin organization to Z-disk and M-line, respectively. 

In muscle lacking both desmin and K19, we found that exogenously expressed desmin 

localized predominantly to the Z-disk, but that it also was able to associate with the M-

line, though to a lesser extent. This result suggests that structures at the M-line of striated 
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muscle can associate with either keratin or desmin filaments, but that in normal, wild type 

muscle, the association of the keratins with this structure excludes desmin from 

associating. The association of desmin with the M-line may also be a result of 

overexpression, as we do not find evidence of M-line desmin in the K19 knockout. 

However, that synemin organization is restored to both the Z-disk and the M-line in the 

DKO following desmin overexpression suggests that desmin and K19 can be functionally 

redundant. This is further exemplified by the overexpression of K19 in the DKO tissue, 

where we found that K19 showed a similar pattern of localization to desmin. The effect 

of overexpressing K19 on the organization of synemin was opposite: synemin 

predominantly associated with the M-band. Therefore, though K19 and desmin have the 

potential to be functionally redundant, their effects on the organization of synemin, and, 

by extension, the overall function of the intermediate filament network, are divergent. 
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CHAPTER 4: EXPRESSION AND LOCALIZATION OF ALPHA-SYNEMIN IN 
SKELETAL MUSCLE 

 

INTRODUCTION 
  

Previously, we reported that α-synemin localized preferentially to the sarcolemma 

and nascent intercalated disks of neonatal cardiomyocytes, while the β isoform associated 

with the developing Z-disk. Both results are consistent with the hypothesis that synemin 

isoforms perform different roles within cells and hence, have differential localization. 

Utilizing siRNA technology, we found that the specific knockdown of both synemin 

isoforms disrupted the normal development of cardiomyocytes, specifically disrupting 

intercalated disks and hindering the association of desmin filaments with the contractile 

apparatus.  

 The association of synemin with the Z-disk is thought to be mediated through its 

interactions with α-actinin and desmin 23, 109. The heteropolymeric filaments formed by 

synemin and desmin wrap around the Z-disk structures in a reticular pattern 22, 23 (c.f. 

Chapter 3) and are hypothesized to be linked to the Z-disk through the interaction of 

synemin with α-actinin 23, 109. Our earlier work also localizes keratin-based intermediate 

filaments to the Z-disk 25, 27. Keratin intermediate filaments comprised of keratins 8, and 

19 were also found to associate with the M-line 25, 27, though the protein interactions 

mediating the localization of filaments to the M-line, outside of interactions with 

dystrophin near the costamere, are unknown. 

 The giant sarcomeric protein, titin, is anchored via its N-terminus at the Z-disk of 

striated muscle through interactions with telethonin and α-actinin 112, 113. Its C-terminus 

extends along the actin and myosin filaments, terminating at the M-line 113. Titin is a 
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highly modular protein, comprised primarily of repeating immunoglobulin (Ig) and 

fibronectin domains. Not only is titin important for the development and maintenance of 

the contractile apparatus, but it is also implicated in mechanosensing through its spring-

like elements, and in signal transduction, as it acts as a scaffold for multiple signaling 

cascades like PKA and calpains, which associate with the M-line domains of titin 114-119. 

Mutations in the M-band region of titin have also been implicated in various forms of 

muscular dystrophy 120. Thus far, there have been no direct links found between the M-

line of titin and the intermediate filament cytoskeleton. The ability of synemin to act as a 

linker protein between the contractile apparatus and the cytoskeleton, as seen with 

desmin at the Z-disk 109 led us to ask whether M-band associated synemin could interact 

with titin and link the keratin filaments to the contractile apparatus. 

 Here we present data on the developmental organization of synemin in primary 

cultured skeletal muscle myotubes. We find that, unlike in developing cardiac myocytes, 

synemin preferentially localized to the M-line rather than the Z-disk. Through yeast-two-

hybrid and blot overlay assays, we found an association of the α isoform of synemin with 

the M-line domain of titin. In adult muscle, we found α-synemin associated with the M-

line, Z-disk and costamere. The association of α-synemin with titin is a novel interaction 

that provides another PKA-based signaling cascade near the contractile apparatus and the 

keratin-based intermediate filament network. Furthermore, the localization of α-synemin 

to the membrane domains of skeletal muscle is consistent with our data in neonatal 

cardiac myocytes, suggesting that α-synemin may play a similar role in the stability and 

organization of all striated muscle membrane junctions.  
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MATERIALS AND METHODS 
 

Yeast Two Hybrid Assay 

The Matchmaker™ Two-Hybrid System 3 was used according to manufacturer’s 

instructions (Clontech Laboratories, Inc., Mountain View, CA). The sequence encoding 

the region specific to human α-synemin (α-synemin insert, or ASI; amino acids 1151-

1462) was subcloned into the BD fusion plasmid (pGBKT7) and used as “prey.” A 

premade, human heart cDNA library subcloned into AD fusion plasmids 

(pGADT7)(MatchMaker™ Pretransformed Libraries, Clontech Laboratories, Inc.) was 

used as “bait”.  Yeast colonies showing strong interaction with ASI, evidenced by the 

development of a blue color and a colony size of >2mm, were further screened and 

sequenced. Ig domains of titin, other than the one we identified as a ligand of ASI in 

these screens (see below), including Titin M Ig 1,2; Titin Z Ig 1,2, and  Titin Z Ig 4,5 121 

were subcloned into the pGADT7 expression vector as negative controls. 

Three smaller constructs of subregions of the ASI, ASIa (amino acids 1151-

1243), ASIb (amino acids 1244-1358), and ASIc (amino acids 1359-1462) were 

subcloned into the pGBKT7 fusion plasmid for further screening against pGADT7-titin 

M10, as described above. 

Generation of MBP and GST Fusion Constructs 

The sequence encoding ASI was amplified from the pGBKT7 plasmid by PCR 

(primers: Fwd: 3’-GTAAGTGCGGGAGGTGACC-5’; Rev: 3’-

CTGAAAGGTAAACGAAGTTTCTTTG-5’) and ligated into the pCR-XL–TOPO 
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vector following manufacturer’s directions (Invitrogen, Carlsbad, CA). The ASI sequence 

was then enzymatically digested from pCR-XL-TOPO by EcoRI and ligated in frame into 

the pMAL c2x Maltose Binding Protein (MBP) fusion plasmid (New England Biolabs). 

ASIa, ASIb, and ASIc were enzymatically digested from the pGADT7 plasmids and 

spliced into the pMAL-c2X fusion plasmid with EcoRI and BamHI (New England 

Biolabs, Ipswitch, MA). The smallest clone of the M10 Ig domain of titin (last 69 amino 

acids) was enzymatically digested from pGADT7 with EcoRI and XhoI and ligated into 

the pGEX4T-1 Glutathione-S-transferase (GST) fusion plasmid (GE Life Sciences, 

Piscataway, NJ). All plasmids were transformed into DH5a competent E. coli and 

purified with a HiSpeed Maxi Prep Kit (Qiagen, Valencia, CA). Plasmid constructs were 

verified by enzymatic digestion as well as by sequencing in the Biopolymer Core 

Facility, University of Maryland, Baltimore.  

Fusion Protein Generation and Purification 

MBP and GST fusion construct plasmids were transformed into BL21* pLysS 

competent E. coli. Cells were grown in serially diluted cultures and the protein constructs 

were expressed by the bacteria for 4h following induction with 1mM IPTG. Soluble 

fusion proteins were extracted from sonicated bacterial lysates and purified following 

manufacturer’s recommendations. 

Far Western Blotting 

Samples containing 5µg of purified fusion proteins of GST paired to the M10 

domain of Titin Ig  (GST-Titin) were separated on 10% SDS-PAGE gels and transferred 

onto a nitrocellulose membrane (Invitrogen, Carlsbad, CA). Blots were blocked at room 
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temperature for 3 hours in Blotting Buffer (50mM Tris, pH 7.2, 120mM NaCl, 3% BSA, 

2mM dithiothreitol, 0.5% NP-40, 0.1% Tween-20) with protease inhibitors (Complete 

Protease Inhibitor Cocktail, Roche Diagnostics, Pleasanton, CA). The blot was incubated 

overnight at 4⁰C in Blotting Buffer supplemented with protease inhibitors and 5g of 

purified ASI-MBP, ASIa-MBP, ASIb-MBP, or ASIc-MBP. Blots were washed with 

Blotting Buffer followed by 0.1% Tween-20 in PBS, pH 7.2, and were then incubated in 

0.1% Tween-20 in PBS (pH 7.2) plus 3% dry milk for 2 hours at room temperature., 

Bands that bound the MBP fusion proteins were visualized with antibodies to MBP (New 

England Biolabs) and anti-mouse horseradish peroxidase (HRP; GE Life Sciences, 

Piscataway, NJ) secondary antibodies. 

Animals 

 Timed pregnant female rats were acquired from Harlan Laboratories (Frederick, 

MD). Mice (males and females) were studied between 4 and 6 months of age. They were 

anesthetized with isoflurane (2% with an oxygen flow rate of 0.5/min) and euthanized by 

perfusion fixation with 2% paraformaldehyde in buffered saline. The Institutional Animal 

Care Committee of the University of Maryland School of Medicine approved all our 

protocols. 

Primary Rat Myotube Cultures 

Neonatal rat pups were euthanized at post-natal day 1 and their hind limb muscles were 

used for primary culturing of myoblasts, prepared as reported 122. Briefly, the hind limb 

muscles were treated with 2mg/ml of collagenase (Type II; Invitrogen) at 37⁰C for 2 

hours, followed by trituration. Aliquots (0.5mL) of the cell suspension were plated onto 
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sterile glass coverslips at a density of 106cells/ml in DMEM (Invitrogen) containing 10% 

fetal bovine serum (FBS; Invitrogen) and were supplemented with 1mL of the same 

media the next day.  Two days after isolation, coverslips were treated with 2x10 -5 M 

cytosine arabinoside (Sigma-Aldrich, St. Louis, MO) to decrease fibroblast proliferation. 

Cultures were allowed to differentiate and were either fixed for immunofluorescence or 

extracted for Western blotting. 

Immunofluorescence 

Primary myotube cultures were fixed in 4% paraformaldehyde in PBS and 

permeabilized with 70% ethanol in PBS. Coverslips were incubated at room temperature 

for 2 hours in SuperBlock PBS (Invitrogen) to reduce non-specific labeling before 

overnight incubation with primary antibody at 4⁰C. Coverslips were incubated in 

secondary antibodies (goat anti-mouse or goat anti-rabbit IgG conjugated to Alexa-488 or 

Alexa-568. Invitrogen) at room temperature for 2 hours.  All antibodies were diluted in 

SuperBlock PBS. Coverslips were extensively washed in PBS between each step, and 

were finally mounted in either VectaShield mounting medium (Vector Labs, Burlingame, 

CA) or Aqua-Poly/Mount (Polysciences, Inc., Warrington, PA).  

Frozen, longitudinal sections of mouse tibialis anterior (TA) muscle were 

prepared as described 19. Sections were processed with the Vector® M.O.M. 

immunodectection kit (Vector Labs, Burlingame, CA) according to manufacturer’s 

recommendations. Sections were incubated in primary antibody for 2 hours at room 

temperature. Sections were then washed and incubated in secondary antibody as above, 

and mounted in VectaShield mounting medium. 
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All images were acquired with either a Zeiss 410 or 510 confocal laser scanning 

microscope (Carl Zeiss, Inc., Tarrytown, NY) equipped with a 63×, NA 1.4 objective. 

Composites were created with Photoshop CS5 (Adobe Systems, San Jose, CA). No other 

manipulations were performed on the images. 

For generation of fluorescence profiles, ImageJ (National Institutes of Health, 

Bethesda, MD) was used to draw a 10 pixel line placed directly over 3 Z-disks, and 

relative pixel intensity was measured. Intensities were graphed using SigmaPlot (Systat 

Software, Chicago, IL).  

Western Blotting 

Primary myotube cultures were solubilized using Mammalian Protein Extraction 

Reagent (MPER Buffer; Pierce Biotechnology, Rockford, IL) supplemented with 35 mM 

EDTA, 126 mM NaCl, and 10 mM protease inhibitors (Complete Protease Inhibitor 

Cocktail, Roche Diagnostics). Protein concentration was determined immediately 

following solubilization by BCA assay (Pierce Biotechnology). Aliquots of the lysates 

containing 20µg protein were boiled in SDS-PAGE sample buffer, separated on 4-15% 

SDS-PAGE gels (Invitrogen) and transferred to nitrocellulose membranes (Invitrogen). 

Blots were visualized by chemiluminescence (PicoWest ECL, Pierce Biotechnology). 

Antibodies 

cDNA encoding the  human alpha synemin insert (ASI) was subcloned into pGEX 

4T-1, expressed, and purified as described above. Two rabbit antibodies were generated 

against α-synemin: R237, characterized here, and R238, characterized in Chapter 2 109. 

COS cells were transfected with plasmid cDNA encoding mCherry-α-synemin using 
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Lipofectamine (Invitrogen) and solubilized for Western blotting as described above. 

Resultant Western blots were probed with both rabbit anti-alpha synemin antibodies, 

R237 and R238, at a dilution of 1:4000, followed by an anti-rabbit HRP secondary 

antibody at 1:30,000 (Figure 24A). We also characterized R237 as described for R238 

(c.f. Chapter 3, Figure 24B) using solubilized adult cardiac muscle. Rabbit anti-synemin 

antibody was a generous gift from Dr. Richard M. Robson (Iowa State University). α-

Actinin antibody (clone EA-53) was from Sigma. Monoclonal antibodies that label 

obscurin at the M-line specifically have been described 123. 

Materials 

 Unless otherwise stated, all materials were purchased from Sigma Chemical Co., 

and were of the highest grade available. 
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Figure 24: Figure 1: Generation of α-synemin specific antibodies. 

A. COS cells transfected with cDNA encoding mCherry-α-synemin and untransfected 
controls were solubilized and the proteins separated by SDS-PAGE gels and blotted. 
Both R237 and R238 recognize a specific band at approximately 250 kDa corresponding 
to mCherry-tagged α-synemin and do not recognize any bands in the control lane. B. 
Adult rat cardiac tissue solubilized and the proteins separated by SDS-PAGE gels and 
blotted as previously described (c.f. Chapter 3). Both R237 and R238 recognize a band at 
210 kDa that is blocked by pre-incubation of the antibodies with α-synemin peptide (as 
described in Chapter 3 and Lund et al109). All other bands are non-specific and remain 
following peptide blocking. 
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RESULTS 
 

Synemin localizes to the M-line in striated muscle 

 Synemin has been demonstrated to localize at the level of Z-disks, where it 

interacts with both α-actinin and desmin 21, 23, 30, 109. In the previous chapter, we described 

an association of synemin with the M-band of adult striated muscle (c.f. Chapter 4). To 

further confirm the localization of synemin, we prepared longitudinal sections of mouse 

tibialis anterior (TA) muscle and immunostained them for endogenous α-actinin and 

synemin (Figure 25A). Synemin co-localized extensively with α-actinin at the Z-disk 

(Figure 25A). We also found synemin staining associated with the M-band (Figure 

25A). A fluorescence profile of these images is shown in Figure 25B. We labeled 

longitudinal sections of TA with antibodies for synemin and the M-line domain of 

obscurin. Synemin concentrates predominantly at continuous transverse structures 

interdigitating with labeling for obscurin, while less prominent, punctate structures 

containing synemin co-localize with obscurin at the M-line (Figure 25C). A fluorescence 

profile of these images is shown in Figure 25D. These data confirm an association of 

synemin with structures localized to the M-band of adult skeletal muscle.  

Synemin organizes at the M-line prior to the Z-disk in developing myotubes 

 Our previous work in neonatal cardiac myocytes suggested that β-synemin 

organizes to the Z-disk, while α-synemin localizes to the membrane 109.  
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Figure 25: Synemin localizes to both the Z-disk and the M-line in adult mouse 
skeletal muscle. 

Longitudinal sections of wild type tibialis anterior (TA) muscle were immunostained for 
synemin and either α-actinin, which localizes to Z-disks (A) or obscurin, which localizes 
to M-lines (C).  An antibody that recognizes both α- and β-synemin was used. The results 
show that synemin localizes predominantly to the Z-disk, but is also present at the M-
line. The blue lines in the overlay images of panels A and C represent a 10 pixel-wide 
line drawn across 3 sarcomeres used to produce the fluorescence profile shown in B and 
D, respectively.   Scale bars = 10 µm 
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The organization of synemin in developing skeletal muscle cells, however, has not been 

studied. 

Therefore, we isolated primary rat skeletal myotubes and examined the 

distribution of synemin during their development in vitro. We found that beginning on 

day 6 in culture, approximately 1 day after α-actinin concentrated into Z-disks, synemin 

could be found in small striations, particularly near the membrane (Figure 26, yellow 

arrows). Unlike developing cardiac myocytes (c.f. Chapter 2), synemin did not co-

localize with α-actinin at the developing Z-disk, and instead concentrated in structures 

located in between nascent Z-disks, i.e. at M-lines (Figure 26, overlay). By day 8 in 

culture, synemin appeared to be fully striated across the cell, remaining associated with 

the M-lines (Figure 26, yellow arrows). We were also able to observe some faint staining 

of synemin at Z-disks at this time point (Figure 26, red arrows). We stained for the 

developmental organization of synemin and plectin in myotubes found that, unlike in 

neonatal cardiomyocytes, synemin and plectin did not co-localize at the Z-disk where 

they could interact with desmin (Figure 27). Instead, both synemin and plectin organize 

to the contractile apparatus at the same time (around day 7 in culture). As we reported in 

Chapter 3, we found that synemin predominantly localized to the M-band with some Z-

disk association, while plectin localized only to the Z-disk. Our data suggests that in 

developing skeletal muscle myotubes, synemin does not organize at the Z-disk until after 

localizing to the M-band.   
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Figure 26: Synemin organizes at the M-line prior to organizing at the Z-disk in 
developing rat myotubes. 

Primary rat myotubes, developing from myoblasts isolated from neonatal pups, were 
cultured over a period of 8 days. Cultures were fixed at different times and 
immunostained for synemin and α-actinin. Synemin begins to appear in striations at day 6 
in culture, initially l near the cell surface (yellow arrows). This organization continues 
through day 7 (yellow arrows) and day 8, by which time most of the synemin appears 
striated. Some synemin can be found to associate with the Z-disks at day 8 (red arrows). 
Scale bars = 10 µm  
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Figure 27: Synemin does not co-localize with plectin in developing skeletal 
myotubes. 

Primary rat myotubes were grown in culture for 7 days, fixed with 4% paraformaldehyde 
in PBS and immunostained for both synemin and plectin. At this timepoint, synemin is 
primarily organized to the M-band (blue arrows) with some association with the Z-disk. 
Plectin, in contrast, associates with longitudinal filaments and the Z-disk (yellow arrows). 

  



 
 

~ 95 ~ 

 

α-Synemin is expressed in developing and adult skeletal muscle 

 Although it is reported to be absent in adult skeletal muscle, we tested for the 

presence of α-synemin in developing skeletal muscle by extracting RNA from rat primary 

skeletal myotubes at days 3, 4, 5, 6, 7. 8 and 11 in culture, and performing RT-PCR. PCR 

primers were designed to amplify both synemin isoforms, and spanned the alternative 

splice site between exons 4 and 5. α-Synemin was amplified at the earliest time point 

tested (3 days), whereas β-synemin was not amplified from cultures until day 4 (Figure 

28). Expression of mRNA for both isoforms peaked around day 6 in culture, close to the 

time when striations of synemin first appear. As the amplicon for β-synemin was 

approximately 1000 bases smaller than that of α-synemin, β-synemin more readily 

amplified in our PCR reactions, likely resulting in the relatively larger amounts of β-

synemin shown in our representative gel. 

 We also solubilized cultures of developing myotubes for Western blotting to 

determine the protein levels of the two synemin isoforms. Using the resultant supernatant, 

we found that at day 5 in culture, α-synemin (210 kDa) was expressed at levels detectable 

by the pan-specific rabbit anti-synemin antibody. We found expression of β-synemin 

(180 kDa) detectable at day 6 (Figure 29A). At day 7 in culture, α-synemin appeared to 

be the predominant synemin isoform expressed (Figure 29A). We also probed these 

lysates with an antibody specific to the α-synemin isoform and were able to confirm 

expression of the α-synemin isoform at days 6 and 7 in culture (Figure 29B). As we only 

used the supernatants for these blots, they may not be representative of the entire protein 

totals of synemin, as both isoforms, in particular α-synemin, can be associated with the 

insoluble pellet (c.f. Chapter 2). 
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Figure 28:  Expression of mRNAs encoding α and ß synemins in developing 
myotubes. 

RNA extracted from developing rat myotubes was converted to cDNA for use in RT-
PCR. Primers designed to amplify synemin were placed on either side of the alternative 
splicing site between exons 4 and 5 and are capable of amplifying both synemin 
isoforms. At day 3 of culture following 30 cycles of amplification, α-synemin mRNA is 
detected while mRNA for the β-synemin isoform was not found until day 4. A peak of 
mRNA expression for both isoforms occurs around day 6 in culture.  
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: Expression of α and ß synemin proteins in developing myotubes.

ysates of developing rat myotubes were separated on SDS-PAGE gels and 
lotted onto nitrocellulose membranes. A) Synemin protein can be detected on blots 

beginning on day 5 in culture. In particular, α-synemin (210 kDa) appears first and 
gradually increases in expression to day 7. β-Synemin (180 kDa) appears around day 6 in 

lture and is expressed at a lower level than the α-synemin isoform at day 7. 
150 kDa appears across all time points and is non-specific. B) An antibody specific to 

(R238) confirms expression of this isoform, particularly at days 6 and 7
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α-Synemin specifically interacts with the M10 Ig domain of titin 

 Previous studies have explored the interactions of β-synemin with proteins 

associated with the Z-disk 21-23, 30, 42, 100, 109. As synemin localized to the M-line early in 

myotube development, rather than the Z-disk, and more α-synemin than β-synemin was 

expressed at this time, we used the yeast two-hybrid assay to test the ability of the 

sequence unique to α-synemin to interact with proteins of the M-line.  A human heart 

cDNA library served as “prey” for the α-synemin-specific insert (ASI), which served as 

“bait.” We found 45 clones that interacted with the ASI.  Of those 45, 17 encoded the 

M10 domain of titin, the most C-terminal of titin’s Ig domains. This region is encoded by 

exon Mex 6, is found in all full length titin isoforms, and localizes to the M-line in both 

heart and skeletal muscle 115. We chose a clone spanning the final 69 amino acids of M10 

for use in the confirmatory yeast two-hybrid studies (Figure 30).  

To ensure that the interaction we found between the M10 domain of titin and ASI 

was specific, we generated three other yeast-two-hybrid “prey” clones from other Ig 

domains of titin 121: Titin M Ig 1,2, Titin Z Ig 1,2, and Titin Z Ig 4,5. None of these 

constructs interacted with the ASI, confirming that the interaction between ASI and the 

M10 Ig domain of titin is specific (Figure 30). We generated and purified a GST fusion 

protein of titin M10 and an MBP fusion protein of the ASI and used them in blot overlays 

to further examine the interaction of the M10 domain of titin with the ASI (Figure 31).  

Consistent with the yeast-two-hybrid assay, we found that MBP-ASI bound to GST-

TitinM10 (Figure 31), but not to GST alone, nor did MBP alone bind to GST-TitinM10. 

These experiments confirm that the ASI interacts specifically with the M10 region of 

titin.  
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Figure 30: Yeast two hybrid analysis of the interaction between ASI regions of α-
synemin and titin M10. 

A. Diagram of alpha synemin insert (ASI) and fragments (ASIa, ASIb, ASIc) that were 
used in yeast-two hybrid and blot overlay studies. Numbers correspond to the amino 
acids of the human α-synemin protein. B and C. The BD-fusion plasmids encoding full 
length ASI or ASI fragments were used as prey with AD-fusion plasmids encoding the 
final sixty nine amino acids of the M10 region of titin. Strong interaction was observed 
(blue color) between ASI and titin M10 and ASIc and titin M10 on QDO medium 
containing X-β-gal. Weak interaction was observed both ASIa and ASIb with titin M10. 
As a negative control, BD-fusion plasmids expressing ASI were used as prey with AD-
fusion bait plasmids expressing other regions of titin structurally similar to M10; no 
interaction between these pairs of peptides was observed.  
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Figure 31: The C-terminal region of the α-synemin-specific insert interacts with the 
M10 Ig domain of titin. 

The last 69 amino acids of the M10 domain of titin were subcloned into a GST 
expression vector. A. Purified titin-GST (lane 1) and control GST (lane 2) were run on an 
SDS-PAGE gel and blotted onto nitrocellulose. Purified full-length α-synemin insert, 
fused to MBP (ASI), was used in a blot overlay assay to confirm the interaction between 
titin and α-synemin. B. Three smaller (~110 amino acids each; see Fig. 5A) constructs of 
α-synemin were subcloned into the MBP expression vector to identify the region of the 
ASI that interacts with titin. Only the last 110 amino acids of the α-synemin insert (MBP-
Ac) bound to titin-GST. 
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We identified the location of the ASI’s binding site with titin M10 by preparing three 

smaller constructs of ASI, based on the data described in Sun et al 46: ASIa (amino acids 

1151-1243), ASIb (amino acids 1244-1358), and ASIc (amino acids 1359-1462). We 

subcloned these sequences into the pGBKT7 expression plasmid for use in the yeast-two-

hybrid assay. The last 103 amino acids of the full-length α-specific sequence, ASIc, 

showed a strong interaction with the M10 domain of titin (Figure 30). In contrast, ASIa 

and ASIb showed little interaction with the M10 region of titin (Figure 30), suggesting 

that the specific binding region of the α-synemin sequence that interacts with titin was 

located in the C-terminal end. We confirmed the specificity of this interaction by blot 

overlay, where we found no interaction between titin and either ASIa or ASIb, but a 

strong interaction between ASIc and titin (Figure 31). 

Endogenous α-synemin localizes to the M-line and costamere in skeletal muscle 

We next immunolabeled sections of TA muscle with antibodies specific for the 

sequence unique to human α-synemin (R237 and R238) to determine the localization 

endogenous α-synemin. Immunostaining for α-synemin using R238 found α-synemin 

localized predominantly to the Z-disk with small puncta occasionally localizing near the 

M-band (Figure 32). However, the R237 antibody, similar to the pan-specific synemin 

antibody, labeled longitudinal sections of TA muscle predominantly at Z-disks, paired 

with labeling of the M-band (Figure 32), suggesting that some α-synemin localized to the 

M-band where it can potentially interact with the M10 domain of titin. 
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Figure 32: α-Synemin-specific antibody labels endogenous M-lines and Z-disks in 
mouse skeletal muscle. 

Two rabbit polyclonal antibodies (R237 and R238) were raised against the human α-
synemin specific insert. A) Longitudinal sections of wild type tibialis anterior muscle 
were immunostained for α-actinin and α-synemin antibody R237. The α-synemin-specific 
antibody labels both Z-disks, colabeled with antibodies to α-actinin, and M-lines. B) A 
fluorescence profile was created from a 10 pixel-wide line drawn across 3 sarcomeres 
(depicted as a blue line in the overlay image of panel A). Endogenous α-synemin, as 
labeled with the α-synemin specific antibody R237, labels M-line structures between the 
Z-disks labeled by α-actinin. C) Longitudinal sections of wild type tibialis anterior 
muscle were immunostained for α-actinin and α-synemin antibody R238. The α-synemin 
specific antibody predominantly labels Z-disks, though some puncta not associated with 
the Z-disk exist near the M-band region. D) A fluorescence profile was created from a 10 
pixel-wide line drawn across 3 sarcomeres (depicted as a blue line in the overlay image 
of panel C). Endogenous α-synemin, as labeled with R238, labels Z-disks primarily, with 
occasional labeling of α-synemin near the M-band. Scale bars = 10µm. 
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We labeled longitudinal sections of TA with antibodies against β-spectrin and α-

synemin to determine whether, as in developing neonatal cardiomyocytes,  α-synemin 

localized to the sarcolemma. We found that antibody R237 did not label the sarcolemma 

well, though there was some punctate labeling along the Z-line domains of costameres 

(Figure 8, upper panels).  In contrast to R237, R238 strongly labeled all 3 domains of 

costameres (Figure 8, lower panels): Z (inset, red arrows), M (inset, blue arrows), and 

longitudinal (green arrows). This suggests that α-synemin does indeed localize to the 

sarcolemma, similar to α-synemin’s association with the nascent intercalated disk in 

developing cardiomyocytes (c.f. Chapter 2). Furthermore, these data suggest that the two 

antibodies generated against α-synemin recognize different epitopes within the α-

synemin specific sequence. It is likely that the α-synemin epitopes recognized by these 

antibodies are differently exposed at the costamere and M-band depending on which 

proteins α-synemin is interacting with at these cellular locations. 
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Figure 33:  α-Synemin localizes to the costamere. 

Two rabbit antibodies were generated against the α-synemin-specific sequence (R237 and 
R238). Antibody R237 distinctly recognizes α-synemin associated with the sarcomere at 
the Z-disk and M-line (c.f. Figure 7), but does not label the costamere as strongly (upper 
panels). In contrast, R238 (lower panels) strongly labels the costamere, including the Z- 
(red arrows, inset), M (blue arrows, inset) and longitudinal domains (green arrows).  
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DISCUSSION 
 

It has been frequently proposed that β-synemin is the predominant isoform of 

synemin in striated muscle, and skeletal muscle in particular, and that the longer α 

isoform is either absent or barely detectable 29, 42, 100. Here, we demonstrate that α-

synemin is expressed in developing skeletal muscle, where localizes to the M-band, and 

in adult skeletal muscle, where it associates with the Z-disk, M-band, and costamere. We 

also provide evidence for the novel interaction of α-synemin with the M10 domain of 

titin. The association of synemin to the M-band is consistent with our previous reports 

that intermediate filaments (IF), particularly keratins, associate with the contractile 

apparatus at both the Z-disk and M-line 19, 25, 27. As synemin has the potential to interact 

with keratins 35, the early association of synemin with titin may aid in the localization of 

the keratins with the M-line and provide a signaling scaffold for the regulation and 

organization of the cytoskeletal network associated with that region of the maturing 

contractile apparatus. 

Our previous work on the organization of synemin in developing neonatal cardiac 

myocytes suggested that both synemin isoforms, α and β, have distinct binding partners 

that determine their subcellular localization 109. We found β-synemin at the Z-disk, where 

it associated with α-actinin and desmin, and α-synemin at the sarcolemma, where it 

affected the stability of the intercalated disk. Prior to our report, α-synemin was shown to 

interact with proteins of focal adhesions, such as talin, zyxin, and vinculin, through the α-

specific C-terminal sequence (ASI) 44-46. Synemin is directly linked to the Z-disk through 

binding to plectin, desmin, α-actinin 23, 30, 100. 
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Here we find that both α- and β-synemin are expressed early in developing 

myotubes, and that synemin associates first with the developing M-band (c.f. Figure 2).  

This result differs from neonatal cardiac myocytes, where we found synemin, primarily 

the β isoform, localized to the Z-disk and not the M-band (c.f. Chapter 2). Possible 

explanations for the differences in organizational development of synemin between the 

developing heart and developing skeletal muscle may include differences in cellular 

structure, in expressed binding partners of synemin, in the time course of synemin 

isoform expression, in the developmental time frame upon study, or a combination of all 

of these. As we also find, in adult skeletal muscle, that α-synemin localizes to the 

costamere as well as the M-line, we believe that the functions ascribed to α-synemin 

localized to the sarcolemma of cardiac myocytes may also aid in the development of the 

skeletal muscle costamere.  

α-Synemin’s function at the M-line may be another example of synemin as a 

linker protein between the IF cytoskeleton and other structures in the muscle cell, such as 

the contractile apparatus and the sarcolemma. Early reports on synemin found that it was 

capable of binding to α-dystrobrevin 107, dystrophin, and utrophin 29. We previously 

reported that α-synemin, in cardiac cells, was important for the stability of the nascent 

intercalated disk, likely linking the desmin filament network to desmosomes (c.f. Chapter 

2). We also found that β-synemin, likely through interacting with α-actinin, aided in 

organizing desmin filaments at the Z-disk. The only other IFs known to be associated 

with the M-line thus far are keratins 8 and 19 25, 27. Hence, it is likely that the role of α-

synemin at the M-line may be to link the keratin IFs to the contractile apparatus in a 

mechanism similar to that suggested by our work on β-synemin and desmin (c.f. Chapter 
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2). The specific interaction with the M-line domain of titin may allow α-synemin to 

localize to the M-line early in the formation of the contractile machinery, while leaving 

the rod domain available for interactions with other IFs, such as the keratins, stabilizing 

them at the M-line during the later stages of sarcomeric maturation. 

α-Synemin may also regulate the assembly of the M-line by localizing the 

regulatory subunit (RIIα) of protein kinase A (PKA) 43. RIIα was previously shown to 

localize to both the Z-disk and the M-line in skeletal muscle 124, 125 with a predominant 

labeling at the M-line compared to the Z-disk. PKA localized to the M-line by binding to 

α-synemin would be positioned to phosphorylate titin, myomesin, obscurin or other 

proteins directly involved in regulating the assembly or activity of the middle of the 

sarcomere. Another AKAP, myospryn, is also localized to the M-line through an 

interaction with the M-line domains of titin 119, 126, 127 and has been suggested to be 

involved in the regulation of calpain 3 via PKA activation 119. Myospryn is 

downregulated in dystrophic (mdx) muscle along with PKA activity 126 and its close 

association with calpain 3 at the M-line also links it to limb girdle muscular dystrophy 

type 2A (LGMD2A)119, suggesting that PKA regulation of M-line proteins is important 

for normal muscle function.  The presence of a second AKAP to the M-line, such as α-

synemin, may offer additional sites at which to position PKA or increase the speed at 

which PKA can act upon M-line proteins, as well as provide redundancy in the system 

that may reduce the pathogenic consequences of individual mutations.  The direct action 

of the PKA localized to either synemin isoform in skeletal muscle is unknown, however.  

We also developed two antibodies specific to α-synemin as assayed in Western 

blots, but that, by immunofluorescence, labeled two distinct sets of structures. These two 
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antibodies likely recognize distinct epitopes within the α-synemin sequence that are 

differentially exposed at costameres and at sites associated with the contractile apparatus. 

R237 labels the M-line as well as the Z-disk of the sarcomere, while R238 predominantly 

labels the Z-disk, with little to no M-line staining. This differential labeling is reversed at 

the costamere, where R238 strongly labels all of the costameric domains (Z, M, and 

longitudinal), while R237 does not. Hence, it is possible that the α-synemin associated 

with the M-line of the sarcomere either has a binding partner, such as titin, or assumes a 

conformation that obscures the epitope recognized by R238, and similarly, that distinct 

ligands or conformations influence the accessibility of the epitopes of α-synemin 

recognized by R237.   

The data reported here establishes the basis for a new role of synemin as a 

cytoskeletal linker between the IF network and the C-terminal region of titin at the M-

line.  The two isoforms of synemin, α and β, each localize to the myofibrils of skeletal 

muscle: β-synemin preferentially associates with the Z-disk, while α-synemin appears 

able to associate with both the Z-disk and the M-band. We also find α-synemin associated 

with the costamere. As effective antibodies specific for β-synemin have yet to be 

developed, our data does not exclude the possibility of β also associating at either the M-

band or the costamere. Further studies are in progress to determine the impact of the loss 

of synemin on the organization of keratins, the costamere, the development of the M-line, 

and the role of PKA in sarcomeric assembly. 
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CHAPTER 5: THE MICROTUBULE NETWORK OF SKELETAL MUSCLE IS 
INFLUENCED BY DESMIN AND KERATIN 

 

INTRODUCTION  
  

 Mitochondria traffic through cells along microtubules. Interactions with dynein 

and members of the kinesin family propel mitochondria around the cell via actin and 

microtubule tracks 64, 66. Interference with this trafficking has profound effects on 

mitochondrial localization and the normal regulation of mitochondrial fission 128. Many 

of these studies have been performed in neuronal and cultured cells, with little study of 

the trafficking of mitochondria through striated muscle, despite the importance of 

mitochondria on the normal function of muscle128-130. The loss of either desmin or K19 

increases the number of mitochondria under the sarcolemma 7, 9, 27, 72. However, the loss 

of both desmin and K19 does not result in an increase in sub-sarcolemmal mitochondria 

7, suggesting that the roles of desmin and K19 on the trafficking of mitochondria may be 

antagonistic.  

 A number of recent papers have focused on the effects of IFs on the movement 

and trafficking of cellular vesicles and organelles. Vimentin is involved in the 

distribution of melanosomes 81 and in the proper localization of GLUT4 vesicles for rapid 

trafficking to the plasma membrane 82. The proper localization of the endoplasmic 

reticulum within neuronal axons involves neurofilaments 83, and GFAP and vimentin may 

play a role in limiting the mobility of endosomes and lysosomes in astrocytes 84. 

Together, these recent reports implicate intermediate filament networks in the mobility 

and localization of membrane-bound organelles, and suggest a possible explanation for 
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the apparent mislocalization and disruption of the mitochondria in the striated muscle of 

desmin and keratin IF knockout mice.  

 Motility and trafficking in striated muscle is challenging due to the dense and 

tightly packed nature of the myoplasm. However, the regular organization of striated 

muscle increases the likelihood of finding disrupted structures and mis-targeted proteins 

associated with changes in IFs or other mutations linked to muscle health. As both 

desmin and keratin filaments are important for the normal organization of the costamere 

7, 19, 27, we tested whether the loss of intermediate filaments affected the distribution of 

microtubules. We found that the loss of either desmin or K19 disrupts the microtubule 

network associated with the costamere and leads to differences in the composition of the 

sub-sarcolemmal microtubule network. We propose that the differences in the 

microtubule network associated with the absence of either desmin, K19 may account for 

the variation in mitochondrial distribution near the sarcolemma. 
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MATERIALS AND METHODS  
 

Animals 

FVB mice null for intermediate filaments were bred as described 7. Wild type, 

desmin null (KO), K19 KO, and mice null for both desmin and K19 (double KO, DKO) 

of both sexes were studied between 4 and 6 months of age. They were anesthetized with 

isoflurane (2% with an oxygen flow rate of 0.5 l/min) and euthanized by either perfusion 

fixation with 2% paraformaldehyde in buffered saline, or cervical dislocation. The 

Institutional Animal Care Committee of the University of Maryland School of Medicine 

approved all our protocols. 

Electroporation of mouse flexorum digitoris brevis (FDB) fibers 

Mice were anesthetized with isofluorane prior to and during the procedure. 

Electroporations were performed as previously described (adapted from Di Franco et al 

106. Briefly, eight units of hyaluronidase were injected into the foot just under the skin 2 

hours prior to the electroporation. At the time of electroporation, 4µg of YFP-mito cDNA 

plasmid (Clontech, Mountain View, CA), encoding a mitochondrially targeted YFP, was 

injected just under the skin, and electrodes were placed at either end of the foot. Voltage 

pulses of 150 V/cm are applied in 20 pulses of 20ms each, with 980 ms between each 

pulse with a S48 square pulse stimulator (Grass Technologies, West Warwick, RI). Mice 

were allowed to recover for 1 week prior to sacrifice.  

Isolation of flexorum digitoris brevis (FDB) fibers 
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 Mice were anesthetized with ketamine and xylazine (40mg/kg and 10mg/kg body 

mass, respectively) prior to cervical dislocation and dissection of the flexorum digitoris 

brevis (FDB) muscle. FDB muscle bundles were treated with Type II collagenase 

(4mg/ml; Gibco, Life Technologies, Grand Island, NY) for 2 hoursat 37⁰C. Single fibers 

were isolated by trituration and were then cultured for 1 day in DMEM supplemented 

with 10% BSA on coverslips coated with Geltrex (Invitrogen, Life Technologies) prior to 

fixation and immunofluorescence staining. 

Immunofluorescence 

 FDB fibers were washed with PBS at room temperature and then fixed at room 

temperature with 4% paraformaldehyde in PBS for 20 min. Permeabilization with 0.1% 

Triton-X100 in PBS followed fixation, and fibers were incubated for 1 hr at room 

temperature in Superblock PBS (Pierce, ThermoFisher, Rockford, IL), to reduce non-

specific labeling in subsequent steps. All secondary antibodies were from Molecular 

Probes/Invitrogen, and were conjugated to either AlexaFluor 488 or AlexaFluor 568.   

 Images were acquired on a Zeiss LSM510 laser scanning confocal microscope 

(Carl Zeiss, Inc., Tarrytown, NY) equipped with a 63x/1.4NA oil immersion lens. Image 

analysis was done with LSM Image Browser (Carl Zeiss, Inc.) and ImageJ (National 

Insititutes of Health, Bethesda, MD). Composites were created with Photoshop CS5 

(Adobe Systems, Inc., San Jose, CA). Brightness and contrast were adjusted to optimize 

the images. No other manipulations were performed.  

Tubulin Organization Assay 
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 FDB fibers were immunostained for α-tubulin. Confocal images were taken at the 

level of the membrane of the FDB fiber, identified by costaining with antibodies to 

dystrophin. Images of α-tubulin were collected together and randomly assigned numbers 

prior to being scored by a naïve observer. α-Tubulin organization was scored from 1 

(highly organized) to 3 (highly disorganized). A chi square analysis was performed on the 

resulting numbers (P = 13.255, α < 0.04, 6 d.f., n = 75). Raw scores were graphed in 

Excel (Microsoft, Bellevue, WA) as a percentage of total fibers. 

Tubulin/Glu-Tubulin Correlation 

Images from FDB fibers stained for α-tubulin and de-tyrosinated α-tubulin were 

compiled in ImageJ. The Colocalization Finder macro for ImageJ was run on image pairs 

for co-localization overlays. 

Western Blotting 

 Unfixed tibialis anterior (TA) muscles were solubilized in Mammalian Protein 

Extraction Reagent (MPERS; Pierce, ThermoFisher) supplemented with 300mM NaCl, 

40mM EDTA, and 10µg/µL protease inhibitor cocktail (Complete Protease Inhibitor, 

Roche, Pleasanton, CA). Lysates were centrifuged at 10,000 rpm for 10 minutes at 4⁰C. 

Protein concentrations were determined by the BCA assay (Pierce, ThermoFisher). 

Protein lysates (20µg) were separated by SDS-PAGE on 4-15% gradient gels 

(Invitrogen, Life Technologies) and transferred to nitrocellulose membranes (Invitrogen). 

Blots were incubated in SuperBlock PBS (Pierce, ThermoFisher) for 1 hour at room 

temperature to decrease non-specific binding. Blots were incubated in primary antibody 

overnight at 4⁰C, washed in PBS containing 0.1% Tween-20 (Sigma-Aldrich, St. Louis, 



 
 

~ 114 ~ 

 

MO), and then incubated in secondary antibody for 2 hours at room temperature. Bands 

were visualized with a chemiluminescent substrate (HyGlo, Denville Scientific, 

Metuchen, NJ). Resultant blots were digitized using a flatbed scanner (Hewlett-Packard, 

Palo Alto, CA). Densitometry was performed using ImageJ (National Institutes of 

Health). Quantitation of protein bands was normalized to wild type.  

Antibodies 

 Rabbit anti-detyrosylated-tubulin (glu-tubulin) antibody was a generous gift from 

Dr. Stuart Martin (University of Maryland School of Medicine, Baltimore, MD) and was 

used at a dilution of 1:2000 for Western blotting and 1:200 for immunofluorescence. 

Rabbit anti-dystrophin (NeoMarkers, ThermoFisher) was used at a dilution of 1:100 for 

immunofluorescence. Mouse anti-α-tubulin (clone B-5-1-2, Sigma) was used at a dilution 

of 1:2000 for Western blotting and 1:200 for immunofluorescence. Mouse antibody to 

cytochrome C reductase complex IV (OxPhos, Invitrogen) was used at a dilution of 1:200 

for immunofluorescence. Rabbit anti-kinesin 3 (ThermoFisher) was also used at a 

dilution of 1:200 for immunofluorescence. Secondary antibodies for immunofluorescence 

were conjugated to either Alexa®488 or Alexa®568 (Invitrogen) and were used at a 

dilution of 1:100. Secondary antibodies for Western blotting were conjugated to 

horseradish peroxidase (HRP, GE LifeSciences) and were used at a dilution of 1:40,000. 

Materials 

 Unless otherwise stated, all materials were purchased from Sigma Chemical Co., 

and were of the highest grade available. 
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RESULTS 
 

α-Tubulin is associated with costameres 

 We first characterized the network of microtubules (MT) in solated wild type 

(WT) flexorum digitorum brevis (FDB) fibers. We immunostained FDB fibers for 

dystrophin, to label the costameres, and for α-tubulin (Figure 34). When imaged at the 

level of the membrane (Figure 34A), dystrophin was in the expected fenestrated pattern 

of costameres, overlying Z-disks (white arrows) and M-lines, and in longitudinal (L-) 

domains (yellow arrows). Staining for α-tubulin at the costamere showed a 

predominantly transverse network of MT, with the majority of the tubulin staining 

overlying the Z-disk (yellow arrows) and occasional, short longitudinal MT running 

between Z-disks (white arrows). The pattern for α-tubulin was similar to that of 

dystrophin, suggesting that the MT network associated with costameres, as previously 

reported 52, 58.  The intracellular network of MT was predominantly oriented 

longitudinally through the interior of the fiber, with some short transverse branches 

(Figure 34B, arrows). 

Intermediate filaments influence the organization of costameric microtubules 

 We next examined the MT network in FDB fibers from mice lacking either K19, 

desmin, or both (DKO). We labeled for α-tubulin and dystrophin. Compared to the 

microtubule network associated with the costamere in WT FDB fibers, IF KO fibers had  



 
 

~ 116 ~ 

 

 

Figure 34:  α-Tubulin in WT FDB fibers 

WT FDB fibers were stained for α-tubulin and dystrophin and imaged at the level of the 
sarcolemma, to visualize costameres, as determined by labeling for dystrophin, or in the 
middle of the cell. (A) α-Tubulin forms a transverse network at the muscle 
costamere. At costameres, α-tubulin organizes into a transverse network overlying the Z-
disks (white arrow). Periodic, longitudinal MT are also present in the costameric network 
and co-localize with dystrophin (yellow arrow). (B) α-Tubulin runs longitudinally 
through the muscle cytoplasm. The MT network in the interior of FDB fibers is arrayed 
predominantly as longitudinal MTs (white arrow) with some short, transversely oriented 
MT (yellow arrow).  Scale bars = 10µm.  
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disrupted and disorganized microtubules. We quantitated these results by collecting 

multiple images of α-tubulin staining at the costamere and blindly scoring their 

organization (Figure 35). We binned the images into three categories: 1) “normal 

distribution,” where the costameric α-tubulin staining was similar to the organization 

found in WT fibers, 2) “moderate disruption,” characterized by an increase in 

longitudinal MTs as well as irregular transverse MTs, or 3) “severe disruption,” in which 

the MTs under the membrane lacked any regular structure, appearing instead as an 

irregular web.  Our results indicated that WT mice had a large proportion of FDB fibers 

with normally organized costameric MTs (Figure 35), though a few fibers showed some 

disruption of the MT network, possibly due to the isolation procedure.  In contrast, ~70% 

of the sub-sarcolemmal MTs of K19-null FDBs were moderately disrupted. Similarly, 

FDB fibers lacking desmin, either desmin -null or DKO, had ~70% of their fibers with 

moderately disrupted sub-sarcolemmal MTs and a large fraction (20-25%) of severely 

disrupted MT (Figure 35). These data suggest that desmin and keratin 19 influence the 

organization of sub-sarcolemmal MT, and that the loss of either desmin or K19 results in 

their disruption to greater or lesser extents. 

Stability of the sub-sarcolemmal microtubule network   

 We next asked whether the differences in organization of sub-sarcolemmal MT in 

the KO mice were associated with altered stability of the MT themselves. We tested this 

by immunostaining FDB fibers for α-tubulin and its more stable, modified form, 

detyrosylated, or glu-, tubulin (Figure 36). In WT FDB fibers, the costameric MT  
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Figure 35: Costameric α-tubulin is disorganized in FDB fibers lacking intermediate 
filaments. 

WT FDB fibers have highly organized membrane-associated tubulin (80% of total 
fibers). In contrast, in FDB fibers lacking K19, tubulin is moderately disorganized (70% 
of total fibers). In these fibers, tubulin loses its regular transverse organization 
(corresponding to the membrane domains over Z-disks) and instead forms longitudinal 
bundles.  FDB fibers lacking desmin or both desmin and K19 also have approximately 
70% of fibers with disrupted tubulin. Lack of desmin, however, appears to correlate with 
a more severe disruption, with the costameric microtubule network forming a chaotic 
web-like lattice.  
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network contains readily detectable amounts of stable glu-tubulin, as the staining patterns 

between α-tubulin and glu-tubulin are closely correlated (Figure 36, bottom panels, 

correlation shown in red).By contrast, K19 KO fibers had very little glu-tubulin staining 

in the sub-sarcolemmal region, suggesting that the majority of the superficial MTs in the 

K19-null fibers are unstable (Figure 36, bottom panels, correlation shown in red). We 

also found reduced staining for glu-tubulin at the membrane in both desmin-null and 

DKO fibers. Glu-tubulin appeared to associate with large, longitudinal bundles of tubulin 

in the desmin-null fibers, whereas the MTs comprised of glu-tubulin in DKO fibers were 

more randomly distributed among the population of disorganized sub-sarcolemmal MT 

(Figure 36, bottom panels, correlation shown in red). We used Mander’s coefficients to 

analyze these images for co-localization (Figure 37). This analysis confirmed that the 

absence of intermediate filaments is associated with a decrease in the amount of glu-

tubulin. WT FDB fibers have 87% of their α-tubulin co-localizing with glu-tubulin, while 

FDB fibers from K19, desmin-null, and DKO mice have 13%, 30%, and 33% of their α-

tubulin co-localizing with glu-tubulin, respectively. In all FDB fibers, the amount of glu-

tubulin staining that co-localizes with α-tubulin remains high (97% in WT, 64%, 75%, 

and 84% in K19, desmin-null, and DKO, respectively).  

Quantitation of tubulin and stable tubulin 

We prepared immunoblots to examine the relative amounts of tubulin and glu-

tubulin in the TA muscles of KO mice (Figure 38). Total homogenates of WT TA 

muscle contained comparable amounts of α- and glu-tubulin (ratio: 0.98), similar to our  
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Figure 36: Absence of intermediate filaments decreases stable microtubules 

FDB fibers were immunostained for both α-tubulin and de-tyrosinated (glu-) tubulin. In 
WT fibers, the majority of membrane-associated MT are comprised in part of glu-tubulin, 
as demonstrated by the high amount of co-localization (shown in red in the bottom 
panels). Desmin KO and DKO fibers display a slight decrease in co-localization between 
α-tubulin and glu-tubulin as there are fewer polymerized microtubules that stain for both 
α-tubulin and glu-tubulin, and those MT comprised of glu-tubulin are often found in 
bundles (e.g., desmin KO). Conversely, K19 KO fibers have very little polymerized glu-
tubulin and hence, show little co-localization between α-tubulin and glu-tubulin. 
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Figure 37:  Loss of intermediate filaments reduces the amount of glu-tubulin. 

Analysis of co-localization of total α-tubulin versus glu-tubulin using Mander’s 
coefficients indicates that 87% of α-tubulin colocalizes with glu-tubulin in WT FDB 
fibers, and 98% of glu-tubulin colocalizes with total α-tubulin. The loss of K19 greatly 
decreased the amount of α-tubulin that co-localizes with glu-tubulin (13%), whereas glu-
tubulin’s co-localization with α-tubulin remained high (64%). Similarly, the loss of 
desmin in either the desmin-null or DKO reduced the co-localization of total α-tubulin 
with glu-tubulin to 30% and 33%, respectively. Co-localization of glu-tubulin with α-
tubulin remained high (75% and 84%, respectively), however.  
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immunofluorescence results (cf. Figure 36). When normalized to the protein load, the 

total amount of α-tubulin in the K19-null TA was similar to WT, but glu-tubulin was 

significantly reduced (~ 18% of WT levels of glu-tubulin), again consistent with our 

immunofluorescence studies (Figure 38). Surprisingly, total α-tubulin increased ~5-fold 

in desmin-null muscle (Figure 38) compared to WT.  We also observed an increase in the 

total amount of glu-tubulin in the desmin-null TA (~2-fold). Compared to WT, DKO 

muscle also had increased total α-tubulin (~2-fold). The ratio of glu-tubulin to α-tubulin 

in the desmin KO and the DKO is 0.47 and 0.53, respectively. These data suggest that the 

loss of intermediate filaments affects the composition and stability of the MT network. 

Mitochondria accumulate in the sub-sarcolemmal space along disorganized MT  

 Using electron microscopy (EM), we previously reported that mitochondria 

accumulate under the membrane of K19-null and desmin-null, but not DKO, TA muscle 

7. Using antibodies to dystrophin and cytochrome C oxidase (to label mitochondria), we 

found that mitochondria also accumulate near the sarcolemma of K19 KO and desmin 

KO, but not WT or DKO myofibers in culture (Figure 39).  

As mitochondria in other cells move along microtubule networks, we tested if the 

mitochondria in the sub-sarcolemmal region of WT and mutant FDB myofibers 

colocalized with the MT networks there. To visualize mitochondria more easily, we 

electroporated FDB fibers with a plasmid encoding an YFP-tagged cytochrome C 

construct that targets mitochondria (YFP-mito). We then isolated the FDB fibers and  
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Figure 38: Loss of intermediate filaments results in decreased detyrosinated α-
tubulin. 

Protein lysates of TA muscles were separated by SDS-PAGE and transferred to 
nitrocellulose for blotting with antibodies to α-tubulin and glu-tubulin. After 
densitometry on the resultant bands, the ratios between α-tubulin and glu-tubulin were 
calculated and normalized to wild type (WT). Mice lacking K19 have a similar total 
amount of α-tubulin, but a greatly reduced (10% of WT) amount of glu-tubulin. In 
contrast, the desmin knockout shows a large increase in total α-tubulin (~5-fold) and glu-
tubulin (~2-fold), though the ratio of glu-tubulin to α-tubulin decreases to ~0.5 compared 
to 1 in the WT. Similarly, there is an increase in total α-tubulin in the double knockout 
TA (~1.5 fold), while the glu-tubulin to α-tubulin ratio remains decreased (~0.5). n=2 



 
 

~ 124 ~ 

 

 

Figure 39: Mitochondria accumulate under the membrane of FDB fibers from mice 
lacking K19 or desmin. 

FDB fibers from WT, K19-null (K19), desmin-null (Des), and DKO mice were stained 
for mitochondrial OxPhos Complex IV and dystrophin, to label the sarcolemma. K19-
null and desmin-null FDB fibers display increased amounts of mitochondrial labeling in 
the confocal plane of the sarcolemma. Fibers lacking both K19 and desmin (DKO) have 
mitochondrial labeling similar to wild type. Scale bar = 10µm. 
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immunostained for α-tubulin as above. In WT FDB fibers, the costameric α-tubulin was 

organized normally (c.f. Figure 34), with no abnormal accumulation of mitochondria 

(Figure 40A). As we found with antibodies against cytochrome C (OxPhos, cf. Figure 

39), YFP-labeled mitochondria accumulated in clumps oriented longitudinally under the 

sarcolemma of K19-null myofibers (Figure 40A).  The clumps associated closely with 

aggregates of MT in regions in which MT disruption was moderate to severe (Figure 

40A, white arrows). These results suggest that in the K19 knockout, the disruption of the 

MT network is associated with abnormal mitochondrial trafficking.  

 The over-expression of YFP-mito also highlighted the abnormal morphology of 

the mitochondria associated with disrupted MT in K19-null FDB fibers. In K19-null, but 

not WT, FDBs, the mitochondria formed long, reticular patterns and short squiggles 

(Figure 40B). These mitochondrial structures were localized near disrupted MT (Figure 

40B), further suggesting that the disruption of MT in the K19-null fibers is associated not 

only with abnormal accumulation of mitochondria, but also abnormal morphology. 

Altered microtubule networks in mutant fibers are associated with aggregates of 

kinesin 3 

 The trafficking of mitochondria along MT is mediated by both kinesins and 

dyneins 66. Kinesin 3 (KIF3) was found to be expressed in developing and adult skeletal 

muscle 131. As we find abnormalities in the localization and structure of mitochondria in 

K19 or desmin null fibers that appear to be associated with disrupted MT, we asked 

whether the association of KIF3 with the microtubules was also altered.  
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Figure 40:  Abnormal mitochondria in K19 KO fibers. 

WT and K19 KO FDB fibers were electroporated with YFP-mito to label mitochondria. 
(A) Mitochondrial disorganization is associated with disordered MT.  In WT FDB 
fibers, in which tubulin is organized into a transverse network at the sarcolemma (cf Fig. 
2A), YFP-mito-labeled mitochondria do not aggregate at the membrane, but instead 
localize near the Z-disk. In contrast, K19 KO FDB fibers display altered tubulin 
organization and aggregates of mitochondria around areas of extreme tubulin disarray.  
(B) Mislocalized mitochondria have altered morphology. Aggregates of mitochondria 
in K19 KO FDB fibers are comprised of long, reticular mitochondria that align with the 
altered MT network.  Scale bars = 10µm. 

  



 
 

~ 127 ~ 

 

To begin these experiments, we utilized immunofluorescence methods to localize 

KIF3 in WT, K19-null, desmin-null, and DKO FDB fibers, and imaged near the 

sarcolemma, where we found disruption of the MT network. In WT FDB fibers, we 

found KIF3 localized near Z-disks and along MT, particularly near the nuclei (Figure 

41). KIF3 also localized near Z-disks in K19-null fibers and along disrupted MT, where 

large puncta of KIF3 staining were found (Figure 41, white arrows). These KIF3 puncta 

were also present in desmin-null fibers, and staining for KIF3 was less obvious at Z-disks 

(Figure 41). The DKO FDBs lacked the large accumulations of KIF3 puncta seen in the 

K19- and desmin-null fibers. These fibers also showed reduced staining for KIF3 near Z-

disks (Figure 41). These data suggest that KIF3 normally localizes at the Z-disk, around 

nuclei, and along longitudinally arrayed microtubules. We find that the loss of either K19 

or desmin results in puncta of KIF3, likely kinesin aggregates, localized near disrupted 

MT. These puncta are absent in the DKO, suggesting that K19 and desmin have 

differential effects on microtubules and kinesin that are antagonistic, consistent with our 

earlier findings that implied keratin and desmin each have variant roles in the 

composition and organization of the microtubule network. The aggregation of KIF3 along 

disrupted MT suggests that trafficking along these microtubules is affected, and may 

contribute to the abnormal accumulation and altered morphology of mitochondria in 

K19- and desmin-null skeletal muscle. 
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Figure 41: Kinesin 3 aggregates in FDB fibers lacking intermediate filaments. 

In WT FDB fibers, kinesin 3 (KIF3) localizes near Z-disks (white arrows) and along 
microtubules (blue arrows). In K19-null fibers, striated KIF3 is reduced but still visible. 
Aggregate clumps of KIF3 can be seen near areas of microtubule disruption (white 
arrows). Similarly, in desmin-null fibers, punctate accumulations of KIF3 at areas of 
disrupted microtubules (white arrows) are also seen. Striations of KIF3 are reduced. KIF3 
aggregates are rarely seen in DKO fibers (one seen in this frame is labeled with a white 
arrow). Striations are also reduced, though there appears to be an increase in 
longitudinally oriented KIF3. Scale bar = 10µm. 
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DISCUSSION 
 

 The importance of the intermediate filament network on the proper localization of 

cellular organelles has been well established, primarily in studies of the trafficking of 

mitochondria and endoplasmic reticulum in neurons (REF REF). Studies on the loss of 

desmin on the physiology of cardiac and skeletal muscle highlighted the importance of 

this intermediate filament on the localization and function of mitochondria 7, 9, 15. More 

recently, keratin 19 (K19) was also found to affect the localization of skeletal muscle 

mitochondria, as the K19 KO had even more sub-sarcolemmal mitochondria than the 

desmin KO 7, 27. Together, however, KO of both K19 and desmin (DKO) ablated the 

mislocalization of mitochondria seen in the single KOs 7.This intriguing discrepancy led 

us to characterize the effects of the intermediate filaments on the organization of 

microtubules, another element of the cellular cytoskeleton involved in the localization 

and function of mitochondria. We found that the loss of either desmin or K19 alters the 

organization of the microtubule network at costameres, and changes the composition of 

the microtubules. These results support our hypothesis that mitochondrial trafficking is 

affected by changes in the intermediate filament and microtubule networks. 

 Characterization of the microtubules in wild type myofibers revealed two distinct 

networks of microtubules: one that organized transversely under the sarcolemma and 

associated with costameres, the other that organized longitudinally throughout the 

myoplasm. The costameric organization that we found is consistent with that recently 

described by Prins et al 58, and is likely due in part to the association of tubulin with the 

costameric protein, dystrophin. Following the loss of desmin, K19, or both, we found the 

microtubule network associated with the costamere was disrupted, but we did not find 
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any changes in the longitudinally oriented microtubules in the interior of the myofibers. 

Although the costameric microtubule network was disrupted in all IF knockouts, the 

pattern of disruption differed. The loss of K19 resulted in predominantly longitudinally 

oriented MTs with uneven transverse banding.  In contrast, the desmin knockout caused a 

more tortuous MT network, with little transverse banding.  Similar to the desmin 

knockout, the DKO had little periodic organization.  The extent of disruption of the sub-

sarcolemmal MT networks was greatest in the DKO and least in the K19 KO, similar to 

the effects of these KOs on other costameric components, such as β-spectrin 7.  

 The absence of desmin or K19 has distinct effects on the number and stability of 

MT in the sub-sarcolemmal space. α-Tubulin undergoes de-tyrosination which results in 

the formation of glutamated tubulin (glu-tubulin) and increases the stability of 

microtubules 132.  We found that glu-tubulin was greatly reduced in muscle lacking K19 

(10% of WT) though the total amount of α-tubulin was unchanged from control muscle. 

In contrast, the absence of desmin increased total α-tubulin and glu-tubulin, but reduced 

the ratio of glu- to α-tubulin, compared to WT. The DKO gave results similar to the 

desmin KO, though overall levels of α-tubulin and glu-tubulin were lower. These data 

suggest that K19 and desmin each affect the MT network differently: the loss of K19 

clearly affects the ability of α-tubulin to be de-tyrosinated, while the loss of desmin leads 

to an increase in both tubulins.  We have so far been unable to find any changes in gene 

expression of either the enzyme involved in the conversion of α- to glu-tubulin or any 

changes in tubulin mRNA levels that could account for the changes in the tubulins in any 

of the knockout mice (Muriel et al, unpublished data), suggesting that the mechanism 
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underlying the effects of intermediate filaments on the microtubule network may involve 

decreased protein turnover, with possible decreases in detyrosinase activity.  

The mechanism by which the absence of K19 leads to a decrease in stable tubulin 

and the physiological result of this decrease are unknown. These changes may alter the 

trafficking of organelles such as the mitochondria, consistent with our previous data 

showing increased mitochondrial accumulation under the sarcolemma in the K19 KO 7 

and with our current results which show elongated, reticular mitochondria that clump 

near the nucleus and along disorganized microtubules in K19-null FDB fibers. A number 

of recent studies have highlighted the importance of proper trafficking of mitochondria 

along microtubules, with disruptions of microtubule networks and motor proteins 

resulting in elongated and dysfunctional mitochondria 62, 63, similar to what we see in the 

K19 KO muscle fibers. Similar changes may occur in desmin-null muscle, where we also 

find a decrease in the relative amounts of glu-tubulin along the costamere-associated MT 

network, which may account for the smaller increases in mitochondrial accumulation 

seen under the sarcolemma in these fibers, though whether the mitochondria in the 

desmin-null muscle have similarly altered morphology to the K19-null has yet to be 

tested.  

Increased levels of tubulin have been reported in multiple forms of muscular 

dystrophy 133 linked to the loss of dystrophin, dysferlin, or sarcoglycans, all of which 

result in increased membrane fragility. The up-regulation of cytoskeletal proteins, such as 

tubulin, is hypothesized to be a compensatory mechanism to maintain force generation 

and cellular stability 133. Here, we find that the loss of desmin also results in increased 

tubulin expression. By immunofluorescence, we were unable to determine if there was an 
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increase in tubulin associated with the costamere, which may suggest that the increased 

tubulin is primarily intracellular. Intracellular increases of tubulin in the desmin-null 

fibers may be compensatory, as the loss of desmin is also associated with increased 

membrane fragility, muscle weakness and fatigue 7. More recently, increased tubulin has 

been associated with increases in pathologic reactive oxygen species (ROS), which 

triggers changes in calcium handling in the dystrophic heart 134. Pathologic, tubulin-based 

ROS signaling may also affect the response of desmin-null muscle to physiological 

stress. 

In each of our intermediate filament (IF) knockout mice, the disruption of the 

costamere is concomitant with a disruption of the microtubule network, suggesting that 

these two components of the myofiber cytoskeleton are intricately linked. The network of 

microtubules associated with the costameric structures of the membrane redistributes 

from a transverse, barrel hoop-like strata to a longitudinal (as in the K19 knockout), 

twisted and tortuous (as in the desmin knockout and DKO) array in fibers lacking 

intermediate filaments. The “tortuous array” distribution of membrane-associated 

microtubules is also seen in myofibers isolated from the murine model of Duchenne 

muscular dystrophy (DMD), the mdx mouse 58, and in mice lacking spectrins and ankyrin 

B 55 which also exhibit disruptions of the costamere. The importance of the myofibrillar 

cytoskeletal lattice for the integrity and organization of the costamere likely has effects 

beyond membrane strength and force generation, and extends into protein and organelle 

trafficking by regulating the organization and composition of the microtubule network. 

The effects of the network disruption of costameric microtubules on the physiology of 

these myofibers, however, are unclear. Our preliminary results demonstrate an increase in 
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mitochondria under the sarcolemma of both the K19 and desmin knockouts. This 

accumulation of mitochondria may be caused by the disruption of the cytoskeletal 

linkages at the membrane, due to the inability of dystrophin to integrate both the IF and 

microtubule network. This fragility in the linkage between the sarcolemma and the 

underlying contractile apparatus could lead to a “dead space” where mitochondria, 

trafficking along microtubules, could accumulate. The disruption of the microtubule 

network also appears to result in aggregation of kinesin, which could further contribute to 

the accumulation of mitochondria along the membrane. 

The data presented here further characterize the effects of the loss of intermediate 

filaments on the stability and organization of the muscle costamere and suggests that the 

disruption of the microtubule network is linked to abnormal accumulations of 

mitochondria under the sarcolemma. The loss of desmin causes an increase in overall 

tubulin production, which may be a compensatory response to increase cellular stiffness 

or may cause downstream pathologic responses, possibly through enhanced ROS 

signaling, that contribute to the decreased performance of desmin-null muscle. In 

contrast, K19 appears to contribute to the formation of stable microtubules, as the loss of 

K19 results in a dramatic decease in glu-tubulin. This likely contributes to the 

exacerbated accumulation of mitochondria under the sarcolemma. The loss of desmin 

also appears to affect the amount of glu-tubulin present in the cell, though the overall 

increase in tubulin in these cells may compensate for the decrease, possibly explaining 

why desmin-null fibers have less mitochondrial accumulation. Further experiments are 

required to elucidate the mechanisms underlying these changes, how they are regulated 

by IFs, and how they contribute to normal and pathologic muscle performance. 
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CHAPTER 6: DISCUSSION 
 

 Historically, the IF network has been charged with the translation of lateral force 

through the muscle fiber 15. In that regard, both the desmin and keratin filament networks 

have been considered as contributors, with desmin filaments being the primary lattice 

through which the force is transduced 7, 15. The research presented herein highlights the 

divergent effects of intermediate filaments on the organization of striated muscle. In 

particular, we find that, beyond their roles in force transmission, desmin and keratin 

filaments likely also play smaller, yet highly significant, roles in signaling (through the 

distribution of synemin and the upregulation of the microtubule network), trafficking 

(through the organization and composition of the microtubules), and organelle anchoring 

(through the localization of mitochondria). The data presented here expands our 

knowledge of the divergent roles of the desmin and keratin filament networks in each of 

these functions, and sets the stage for a variety of studies aimed at understanding the 

many roles of the cytoskeleton in striated muscle. 

Association of Synemin with Desmin and Keratins 
 
 Through our studies on the loss of desmin or keratins on the distribution of 

synemin, we found that synemin interacts with both filament networks. By interacting 

with desmin, synemin localizes to the Z-disk as well as the costamere. The association of 

desmin with synemin is one of the earliest interactions characterized for synemin 30, and 

our data from the desmin knockout mouse confirms the importance of this interaction for 

the normal association of synemin with the contractile apparatus and costamere (c.f. 

Chapter 3). We also found that synemin is equally important in the association of desmin 
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filaments with the contractile apparatus, as decreasing the amount of synemin present in 

developing neonatal cardiomyocytes affected the ability of desmin to localize to the Z-

disk (c.f. Chapter 2).  

The association of desmin with the Z-disk has also been found to be mediated by 

the cytolinker, plectin. The involvement of plectin in the stabilization of the intermediate 

filament cytoskeleton and its linkages to cellular membranes and organelles has been a 

subject of intensive study 12, 14, 74, 75, 135-137. Following knockdown of synemin in cardiac 

myocytes, we found that plectin and desmin no longer associated with each other at the 

sarcolemma, though both localized to the membrane. Plectin organization at the Z-disk 

was also not affected by synemin knockdown, though desmin’s association with the 

contractile apparatus was ablated. A likely model for these data involves a 

heteropolymeric intermediate filament, comprised of synemin and desmin, interacting 

with a plectin molecule. An early report on the association of plectin with vimentin, 

another Type III intermediate filament protein, found that phosphorylation of plectin 

through PKA increased the ability of plectin to associate with the intermediate filament 

network 138. This result, along with our data showing that the association of desmin 

filaments with plectin is disrupted following synemin knockdown, suggests a possible 

role for synemin’s AKAP domain: to localize PKA to the intermediate filament network 

and plectin, thereby promoting their association during development or cytoskeletal 

remodeling. From our data, we believe it is likely that plectin and β-synemin are both 

involved in linking the desmin filament network with the contractile apparatus at Z-disks. 

A similar mechanism may be involved in the association of the keratin filament 

network with the Z-disk and M-band. The interaction between periplakin and plectin has 
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been proposed to be responsible for the normal distribution of the keratin cytoskeleton 

139. The loss of plectin association with keratin filament networks has also been 

demonstrated to result in abnormal filament organization, paired with disrupted 

downstream signaling through MAP kinases and PKC 140. Hence, it is also likely that the 

organization of the network of keratin-based intermediate filaments could be modulated 

by their association with synemin or plectin.  

Based on our data from neonatal cardiomyocytes and skeletal myotubes in 

culture, we believe synemin organizes to the Z-disk and M-band prior to desmin, and 

presumably, the keratins. This suggests that in myotubes lacking keratin 19, synemin 

should still associate with the M-band. In a preliminary experiment, we isolated primary 

skeletal myotubes from wild type and keratin-19 knockout mice, and cultured and 

immunostained them for synemin and α-actinin as in Chapter 4. Similar to our data from 

rat myotubes, we found synemin predominantly organized to the M-band in wild type 

cells by day 7 in culture (Figure 42). Myotubes lacking keratin-19 developed Z-disks in a 

similar time frame to the wild type myotubes, though they were generally smaller and 

less mature. Synemin also appeared to be able to localize to the M-band in these cells 

(white arrows) despite the lack of keratins, suggesting that, similar to desmin, synemin 

becomes localized to the M-band through a non-intermediate filament association, such 

as that we characterized between synemin and the M-band region of titin. Furthermore, 

synemin’s association with keratin-19 likely stabilizes the intermediate filaments to the 

M-band as the muscle matures, as, in the absence of keratin-19, synemin no longer is 

found associated with the M-band (c.f. Chapter 3). Further experiments in skeletal muscle 

will be needed to test theseideas.  
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Figure 42: Synemin organizes at the M-line in the absence of K19 

Primary mouse myotubes were isolated from wild type and K19-null animals and 
cultured for 7 days prior to fixation and immunostaining for α-actinin and synemin. 
Immunostaining was performed as described in Chapter 4. In wild type mouse myotubes, 
as in rat myotubes, synemin localizes to the M-band (white arrows). Synemin was also 
found to be associated with structures near the M-band in myotubes lacking K19 (white 
arrows), though the organization of the Z-disks in these myotubes was altered. Scale bars 
= 10µm 
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Though the research described herein has identified a number of novel roles for 

synemin in striated muscle, synemin’s individual contribution to normal muscle 

physiology remains elusive. In particular, the function of synemin’s AKAP domain in 

regulating local PKA signaling in the contracting cell is unclear. Based on our data, we 

can hypothesize that the PKA localized to synemin is involved in the development and 

stabilization of the links between intermediate filament networks and membranes, such as 

the sarcolemma, and possibly nuclei and mitochondria. Phosphorylation of intermediate 

filaments is known to influence their polymerization and plasticity. The association of an 

AKAP with the filament network would allow for quick remodeling of the cytoskeleton 

during development or following injury. The regulatory subunit of PKA, RIIα, localizes 

to both the Z-disk and the M-line in skeletal muscle 124, 125 and is likely to be anchored 

there through an interaction with one of the synemin isoforms. PKA localized to the M-

line by binding to α-synemin would be positioned to phosphorylate titin, myomesin, 

obscurin, myosin binding protein C-slow 141 or other proteins directly involved in 

regulating the assembly or activity of the middle of the sarcomere. Similarly, β-synemin 

could localize PKA to promote the polymerization of the desmin intermediate filament 

network and its association with Z-disks, as discussed above and in Chapter 2. Future 

work could test whether PKA localized to either synemin isoform in skeletal muscle is 

needed for these activities in healthy muscle, and if they are affected by disease or injury. 

Our data focused on either the effects of the loss of the entire synemin protein (c.f. 

Chapter 2), or the resulting organization of synemin following genetic ablation of other 

intermediate filament proteins (c.f. Chapter 3). Experiments designed to test the effects of 

the AKAP domain of synemin on PKA signaling and cytoskeletal organization would 
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require techniques that would decrease the expression of endogenous synemin while also 

expressing exogenous synemin with a prolinated AKAP domain, which ablates PKA 

binding 43. This could be achieved through the use of a dual promoter adenoviral 

construct that would express both a siRNA and an exogenous, mutated synemin protein, 

or through the development of a synemin “knock-in” mouse, where the synemin gene 

sequence has been modified to produce an AKAP-null protein. Complicating these 

experiments is the expression of multiple isoforms of synemin within striated muscle, 

each associating with different cellular structures, and likely triggering different 

downstream signaling cascades. Understanding the individual contributions of the 

synemin isoforms will require careful analysis of the resulting data, regardless of the 

methodology used.  

 siRNA technology proved immensely useful in investigating the role of synemin 

in the development of neonatal cardiomyocytes in culture. Using this siRNA in 

developing myotubes such as those we employed to study the localization of synemin 

during myogenesis in vitro would be appropriate for testing whether the loss of synemin 

also disrupts the development of the skeletal muscle membrane or the association of 

desmin or keratin filaments with the developing contractile apparatus. However, 

compared to cardiomyocytes, which generate nascent intercalated disks and desmin 

filaments within a 4-6 day time frame, skeletal myotubes do not normally develop 

recognizable costameres in culture, and the association of desmin filaments with the Z-

disk can involve culture times of up to 8-10 days (unpublished results). This extended 

period of development makes the use of siRNA to study the effects of the loss of synemin 

on myotube development difficult. To test whether using siRNA was a possibility for 
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these cells, we attempted to adapt a protocol similar to the one we used for 

cardiomyocyte transfection, by using the Lonza Nucleofector with freshly isolated, rat 

skeletal myoblasts (Figure 43). The resultant transfection efficiency was extremely low 

(less than 10% of cells transfected showed GFP expression when transfected with pGFP 

plasmid), and the transfection also appeared to slow the development of the myotubes 

(formation of Z-disks was delayed by approximately 1 day). Cultures that were treated 

with synemin siRNA appeared to have fewer myotubes compared to cultures that were 

transfected with control siRNA, and the association of α-actinin with the developing Z-

disk seemed to be affected. The decrease in myotube number may be due to defect in 

membrane fusion events, which could be related to the loss of synemin, as we also saw a 

defect in the stability of the nascent intercalated disks in cardiomyocytes (c.f. Chapter 2). 

The apparent disruption of α-actinin, in contrast, is unexplained by our current 

knowledge of synemin’s role in the cell, as the knockdown of synemin in cardiac 

myocytes did not have an effect on α-actinin or the normal development of the contractile 

apparatus (c.f. Chapter 2). However, the low number of cells transfected with siRNA and 

the effects seen from the transfection protocol alone, rendered our results highly 

questionable. New culture techniques that allow for the development of the membrane 

domains as well as better transfection methodologies (such as adenoviral constructs) will 

probably be required to elucidate the effects of synemin on the development of the 

skeletal myotube. 

 Recent attempts to generate a synemin knockout mouse have thus far yielded 

disappointing results. We began characterizing the tibialis anterior muscle from synemin 

knockout mice in a similar fashion to the keratin-19 or desmin knockout mice 7 but found  



 
 

~ 141 ~ 

 

 

Figure 43: Transfection of developing rat myotubes with synemin siRNA disrupts 
the development of Z-disks. 

Freshly isolated primary rat myotubes were transfected with siRNA to knockdown the 
expression of synemin. Myotubes were either plated on coverslips without undergoing 
transfection (control), transfected with control plasmid (sham), or transfected with 
synemin siRNA. Myotubes were allowed to develop in culture for 7 days prior to fixation 
with 4% paraformaldehyde in PBS. Myotubes were immunostained for α-actinin and titin 
as described in Chapter 4. Transfection alone (sham) resulted in slower development of 
the contractile apparatus compared to control cells. The organization of the Z-disks, as 
labeled by titin and α-actinin, was decreased following transfection of synemin siRNA. 
Scale bars = 10µm 
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no difference between muscle lacking synemin and wild type tissue. In particular, we 

found no change in costameric organization, no increase in centrally nucleated fibers, and 

no effect on the organization or arrangement of the contractile apparatus. Though these 

mice were believed to be a genetic knockout, subsequent analysis of heart, skeletal 

muscle, brain, and liver through both Western blots and RT-PCR of extracted mRNA 

suggest that synemin protein is still expressed in these mice. Based on the efficacy of our 

siRNA experiments in cardiomyocytes, a strategy employing a conditional knockout of 

the synemin gene in mature muscle may provide more information about the function and 

role of synemin within these tissues.  

Contributions of the Intermediate Filaments to the Microtubule Network 

 We studied the organization of microtubules in skeletal muscle in an attempt to 

understand the mechanism underying our observation that the absense of either desmin or 

keratin 19 resulted in an increased number of subsarcolemmal mitochondria, but that the 

absence of both proteins restored the subsarcolemmal mitochondria to normal levels7. 

The data presented in Chapter 5 suggests that the absense of intermediate filament 

proteins causes a variety changes to the microtubule network and, by extension, the 

trafficking of organelles. Our evidence suggests that the intermediate filaments are 

involved in processes regulating the organization of costameric microtubules, the stability 

of the microtubules, and tubulin levels in myofibers. In addition to the effects these 

changes may have on mitochondrial distribution, they may also contribute to the 

abnormal muscle performance found in mice lacking intermediate filaments, and perhaps 

contributed to the functional deficits seen in muscular dystrophies and cardiomyopathies.

 In the mouse models we have thus far studied, the loss of intermediate filaments 
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causes a disruption of the sarcolemmal domains associated with the costamere. This is 

consistent with research showing that the costamere and the dystroglycan-associated 

complex are dependent upon the presence and localization of the underlying contractile 

apparatus, its associated proteins, and the intermediate filament network 1, 7, 11, 19, 27, 55, 142. 

Dystrophin, a member of the dystroglycan-associated complex, interacts with tubulin 58, 

providing a logical explanation for the disruption of the costamere-associated 

microtubules through a loss of the intermediate filaments.  

The physiological result of the microtubule disruption along the membrane is still 

unknown. From our data (Chapter 5), we can hypothesize that protein trafficking is 

altered, associated with small accumulations of kinesin-3 along microtubules in the 

desmin and keratin-19 null muscles. It has also been suggested that the disruption of 

surface microtubules leads to defects in the localization and concentration of the Golgi 

complex localized near the membrane, as seen in the dystrophin-null mdx mouse 143. 

Other forms of muscular dystrophy have also been found to be associated with defects in 

the Golgi complex, particularly mutations in glycosyltransferases such as LARGE1 and 

fukutin 144. The organization of the Golgi complex in the intermediate filament knockout 

mice has not yet been explored. However, if the costameric microtubule network is 

partially responsible for the localization of the Golgi complex, mice lacking intermediate 

filaments might also show defects in normal protein trafficking through the Golgi system 

that could further contribute to the abnormal physiology of the muscle.  

 We also found that the intermediate filaments can affect the stability of the 

microtubule network. The loss of keratin 19 in particular was found to decrease the 

amount of stable, glu-tubulin to approximately 10% of wild type levels. In non-muscle 
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cells, the decrease of glu-tubulin is related to an increase in cellular remodeling or 

motility 64, 132, 145-148, as a shift of the microtubules away from the more stable glu-tubulin 

increases the dynamic instability of the network, increasing the number of free tubulin 

dimers. It is possible that a similar mechanism occurs in the intermediate filament 

knockout mice as the muscle undergoes remodeling following exercise, stress or injury.  

The polymerization state of tubulin has been implicated in a number of metabolic 

pathways, including the regulation of glucose transport, the cellular response to hypoxia, 

and, possibly more relevant to our intermediate filament results, the regulation of 

mitochondrial function (reviewed in Cassimeris et al 149). Recent studies have found that 

tubulin dimers can associate with the pore of the outer mitochondrial membrane transport 

channel, VDAC 150, 151. Binding of tubulin to VDAC decreases the membrane potential of 

the mitochondria, closing the channel, and decreasing the respiratory rate of the 

mitochondria 151-153. Though the mislocalization of mitochondria in the desmin and 

keratin-19 muscle is well established, the consequence of their abnormal localization on 

mitochondrial function has not been examined. I speculate that it may be affected by 

changes in the associated microtubule network. 

 In the desmin-null and desmin/K19 double knockout, we found a dramatic 

increase in α-tubulin protein, nearly 5-fold over wild type protein levels. Increased 

tubulin production is also associated with a number of muscle diseases, including 

Duchenne’s muscular dystrophy and sarcoglycan-related dystrophies 133, suggesting that 

there is a unified response to cellular stress that drives tubulin expression in each of these 

myopathies, rather than the increase of tubulin being directly caused by changes in 

particular intermediate filament proteins. The upregulation of tubulin in the heart has 



 
 

~ 145 ~ 

 

been suggested to be a compensatory response to mechanical stress154. This is further 

supported by evidence showing that increased tubulin expression is often found in 

concert with an increase in the heat shock protein, αB-crystallin155, which is known to 

regulate microtubule assembly 156, 157 and stabilize the microtubule network under 

conditions of cellular stress or adaptation 158.  

 In contrast to the loss of desmin or the disruption of the dystrophin complex 

which both result in increased membrane fragility and disorder of the costameric 

microtubule network, the loss of the transmembrane protein dysferlin, linked genetically 

to Limb Girdle Muscular Dystrophy 2B and Miyoshi Myopathy 54, 56, is associated with a 

dysfunction of the transverse (t-) tubule system 159. We found that the costameric 

microtubule network in muscle fibers from mice lacking dysferlin (A/J) is organized 

normally (Figure 44). However, tubulin staining increased in these fibers, particularly in 

the cytoplasm where punctate tubulin labeling can be found in a doublet pattern near the 

A-I junction (Figure 44). Hence, we hypothesize that the upregulation of tubulin is 

independent of its sarcolemmal organization and is triggered by mechanical stress, with 

the increased tubulin localizing to areas, such as the sarcolemma and the t-tubules, most 

susceptible to that stress. Though the initial increase of tubulin within cells is likely 

beneficial, long term effects of increased tubulin production include a decrease in muscle 

contractility 154, 160 and pathologic signaling cascades, as discussed in Chapter 5. Future 

studies of these changes in diseased, knock-out, and injured muscle should reveal some  
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Figure 44: Figure XX: Organization and upregulation of tubulin in dysferlin-null 
(A/J) FDB fibers. 

FDB fibers from A/J mice were immunostained for α-tubulin, dystrophin, and glu-
tubulin. The costameric network of microtubules was organized normally, as in wild type 
FDB fibers (c.f. Chapter 5). An increase in α- and glu-tubulin staining was found in 
punctate doublets throughout the fibers, likely associated with the t-tubule membrane. 
Scale bars = 10µm 
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of the basic cellular mechanisms regulated by microtubules and their association with 

intermediate filaments in skeletal muscle.  

Mitochondrial Mislocalization and Anchoring 
 

In addition to the MT phenotypes associated with the IF knockouts discussed 

above and in Chapter 5, a combination of additional factors  are likely to be affected by 

the absence of one or both IF proteins, including altered anchoring of organelles and 

changes in motor proteins 80, 83, 161. Consistent with this, Nekrasova et al 162 found that 

mitochondrial motility increased following disruption of the vimentin filament network. 

In addition, the mitochondria were mislocalized. Neurofilaments have recently been 

found to influence mitochondria as well, as knockout mice lacking neurofilaments have 

altered mitochondrial localization and function 163. In our mouse models, anchoring of 

mitochondria to intermediate filaments might be disrupted due to the loss of correct 

anchoring of mitochondria, as well as to increased accumulation resulting from a defect 

of trafficking. 

In support of this hypothesis, we have recently begun studying a set of mouse 

models with keratin 18 (K18) deficiencies: a mouse lacking K18 (K18 KO), and a mouse 

expressing mutant keratin 18 protein (K18 dominant negative (DN)). In the K18 

knockout mouse, mitochondria appear to be arranged laterally through the fiber, similarly 

to the organization of the internal microtubule network described in wild type fibers in 

Chapter 5 (Figure 46). These data suggest that the anchoring of mitochondria to the Z-

disk is assisted by an association of these organelles with the intermediate filaments. 

When the intermediate filaments are unavailable, the mitochondria may stay associated 

with microtubules. The mitochondria may also accumulate under the sarcolemma due to 
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the loss of the intermediate filament network weakening the connection between the 

membrane and the underlying contractile apparatus. Conversely, in the K18 dominant 

negative mouse model, the polymerization properties of K18 have been ablated, resulting 

in aggregates of unpolymerized keratins throughout the cytoplasm 164. In these muscles, 

we find mitochondria localized near the Z-disks that appear highly disrupted, clumped 

and possibly greater in number. In both of these K18 mouse models, the organization of 

the sarcolemma is indistinguishable from wild type costameres (A. O’Neill, personal 

communication), suggesting that the disruption of the costamere does not directly result 

in an abnormal mitochondrial phenotype. Instead, these data suggest that the intermediate 

filaments are responsible for the proper positioning of mitochondria within the muscle. 

Further study of these mouse models in regards to mitochondrial function, trafficking, 

and anchoring will likely provide novel insights not only into the role of both keratins 

and desmin in the regulation of muscle function, but also the anchoring and regulation of 

mitochondria in striated muscle.  
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Figure 45: Abnormal mitochondrial localization in K18 KO and K18 DN TA. 

Longitudinal sections of tibialis anterior (TA) muscle were immunostained for 
mitochondria (OxPhox IV, red) and the sarcolemma (dystrophin, green). Mitochondria in 
wild type (WT) muscle localize along the Z-disk. In the K18 knockout (KO), however, 
the mitochondria do not localize along the Z-disk, instead appearing in longitudinal 
streaks and clumps. Mitochondria in the K18 dominant negative (DN) localize near the 
Z-disk, but appear clumped and disordered, unlike the WT.  
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